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SUMMARY

Entomopathogenic bacteria produce insecticidal proteins that
accumulate in inclusion bodies or parasporal crystals (such as
the Cry and Cyt proteins) as well as insecticidal proteins that
are secreted into the culture medium. Among the latter are the
Vip proteins, which are divided into four families according to
their amino acid identity. The Vipl and Vip2 proteins act as
binary toxins and are toxic to some members of the Coleoptera
and Hemiptera. The Vipl component is thought to bind to
receptors in the membrane of the insect midgut, and the Vip2
component enters the cell, where it displays its ADP-ribosyl-
transferase activity against actin, preventing microfilament
formation. Vip3 has no sequence similarity to Vip1 or Vip2 and
is toxic to a wide variety of members of the Lepidoptera. Its
mode of action has been shown to resemble that of the Cry
proteins in terms of proteolytic activation, binding to the
midgut epithelial membrane, and pore formation, although
Vip3A proteins do not share binding sites with Cry proteins.
The latter property makes them good candidates to be com-
bined with Cry proteins in transgenic plants (Bacillus thuringi-
ensis-treated crops [Bt crops]) to prevent or delay insect resis-
tance and to broaden the insecticidal spectrum. There are
commercially grown varieties of Bt cotton and Bt maize that
express the Vip3Aa protein in combination with Cry proteins.
For the most recently reported Vip4 family, no target insects
have been found yet.
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INTRODUCTION

Entomopathogenic bacteria have enormous potential for insect
control, and they can provide us with an arsenal of insecticidal
compounds (1). By far, the most widely used and best-known
insecticidal proteins are the Cry proteins from Bacillus thuringien-
sis. These proteins accumulate in the parasporal crystal at the time
of sporulation and are released into the culture medium only after
the cell wall disintegrates. Formulations based on B. thuringiensis
crystals and spores have been successfully used to control a wide
range of lepidopteran pests as well as some coleopteran, blackfly,
and mosquito species (2, 3). The insecticidal potency of some Cry
proteins is such that their respective cry genes have been trans-
ferred to plants, conferring total or very-high-level protection
against the most damaging pests (4-6).

Despite the wide success of Cry proteins in insect control, some
important pests were found to be highly tolerant to Cry proteins,
such as Agrotis ipsilon (Lepidoptera: Noctuidae) and Diabrotica
spp. (Coleoptera: Chrysomelidae), which cause significant dam-
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FIG 1 Nomenclature system for Vip proteins. The system consists of four ranks based on amino acid sequence identity (9). The primary, secondary, and tertiary
ranks distinguish proteins with less than ~45, 78, and 95% sequence identities, respectively. The quaternary rank distinguishes proteins sharing >95% sequence
identity, which can be considered products of “allelic” forms of the same gene but can also have the same sequence that originated from different isolates.

age to corn. Screening programs that aimed to evaluate active
insecticidal components in culture supernatants from Bacillus iso-
lates identified a culture supernatant from Bacillus cereus AB78
that induced 100% mortality of Diabrotica virgifera virgifera and
Diabrotica longicornis barberi larvae (7). The active component of
this supernatant was found to be proteinaceous. Anion exchange
chromatography followed by SDS-PAGE showed that the insecti-
cidal activity was due to two different proteins of 80 and 45 kDa,
which were named Vip1Aa and Vip2Aa, respectively (for vegeta-
tive insecticidal protein). Sequences with homology to the respec-
tive viplAa and vip2Aa genes were found in ~12% of the 463 B.
thuringiensis strains tested (7). In that same study, the vegetative
culture supernatant from B. thuringiensis strain AB88 contained
an 88.5-kDa protein that was highly toxic to A. ipsilon and other
lepidopteran larvae, which was named Vip3Aa. More recently,
Vip4Aa was reported (NCBI GenBank accession number
AEB52299). In silico analysis predicted a molecular mass of ~108
kDa for Vip4Aa (8).

Alternative names for Vip proteins were also given before stan-
dardization by the Bt Toxin Nomenclature Committee (9) (Fig.
1), such as insecticidal secreted proteins (Isp), with the classes
Ispl, Isp2, and Isp3 (NCBI GenBank accession numbers
AJ871923, AJ871924, and AJ872070, respectively), which are ho-
mologous to Vipl, Vip2, and Vip3, respectively. It should be men-
tioned that another secreted insecticidal protein from B. thurin-
giensis, named Sip, has been reported. This protein shares no
homology with the Vip proteins and should not be mistaken for
one of them (10).

To date, 15 Vip1 proteins, 20 Vip2 proteins, 101 Vip3 proteins,
and 1 Vip4 protein have been reported (9). Figure 2 shows a den-
drogram with the hierarchy of the Vip proteins based on their
degree of amino acid identity. Vip1 and Vip2 act as binary toxins
for some members of the Coleoptera and Hemiptera (7, 11-14),
and Vip3 is active against a wide range of species of Lepidoptera
(15, 16). No target insects have as yet been found for Vip4. Vipl,
Vip2, Vip3, and Vip4 share almost no sequence homology with
each other, with Vipl and Vip4 being the most similar (34%
amino acid identity).

THE BINARY Vip1/Vip2 TOXIN

In addition to B. cereus and B. thuringiensis, vipl and vip2 genes
have also been found in other bacterial species, such as Lysiniba-
cillus sphaericus (formerly Bacillus sphaericus) and Brevibacillus
laterosporus (17, 18). Studies on the distribution of vipI and vip2
genes have shown that they are found in ~10% of B. thuringiensis
strains (7, 19-22). These two genes have been found in the same
operon and with two different open reading frames separated by
an intergenic spacer of 4 to 16 bp within a 4- to 5-kb genomic
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sequence (7, 23, 24) and in a megaplasmid (~328 kb in length) in
B. thuringiensis strain 155056 (25). At the time of writing of this
review, the Bacillus thuringiensis Toxin Nomenclature database
lists the following vipl and vip2 genes: 3 viplAa, 1 viplAb, 1
viplAc, 1 viplAd, 2 viplBa, 3 vipIBb, 1 vip1Bc, 2 vipICa, and 1
viplDa, and 3 vip2Aa, 1 vip2Ab, 2 vip2Ac, 1 vip2Ad, 3 vip2Ae, 2
vip2Af, 2 vip2Ag, 2 vip2Ba, and 4 vip2Bb genes (9).

Vipl and Vip2 proteins are expressed concomitantly, and
translation from the same transcript appears to be essential to
ensure high levels of both proteins. They are produced during
the vegetative growth phase of B. thuringiensis, and their levels
remain high until after the sporulation stage. Gene transcripts
are detected at the start of the logarithmic phase, reaching their
maximum expression levels in the stationary phase and re-
maining at high levels in the sporulation stage (15, 23, 24, 26).

Protein Structure and Function

Classical binary bacterial toxins of the “A-B” type, such as cholera
toxin, interact with cells as a complex composed of one or several
polypeptides associated in solution (in the case of cholera toxin,
the A component is surrounded by 5 B polypeptides). Alterna-
tively, Gram-positive bacilli from the genera Clostridium and Ba-
cillus produce proteins with a synergistic binary mode of action in
which the two proteins do not form an aggregate before binding to
the cell surface (binary toxins of the “A+B” type) (27). The Vip1/
Vip2 toxin is an example of an A+B toxin related to mammalian
toxins from Clostridium spp. (C. botulinum, C. difficile, C. perfrin-
gens, and C. spiroforme) and Bacillus anthracis. Sequence homol-
ogy with the mammalian toxins, the lack of toxicity of the individ-
ual proteins, data from translational frameshift mutation
experiments with the vipl gene, along with data from toxicity
bioassays against susceptible insects confirmed the binary mode of
action of these proteins (7).

Sequence analysis of the ViplAa and Vip2Aa proteins re-
vealed the presence of N-terminal signal peptides of ~30 and
50 amino acids, respectively (23, 26, 28). The signal peptide was
shown to be cleaved during secretion, rendering mature pro-
teins of ~82 kDa (for ViplAa) and 45 kDa (for Vip2Aa) (7, 24).
Sequence alignment revealed that the N terminus of Vipl is
highly conserved (75 to 91% identity) (Fig. 3). In contrast, the
C terminus of Vip1 is much less conserved (23 to 35% identity)
(7,23, 26).

Vipl has moderate sequence identity with the binding compo-
nent C2-1I of the C2 C. botulinum toxin (29%) and the Ib compo-
nent of iota-toxin from C. perfringens (31%). It also shares 33 to
38% identity with the C. spiroforme toxin, the B. anthracis protec-
tive antigen, and toxin B of C. difficile at amino acids 142 to 569
(23, 26, 29). Vip2 shares >30% sequence identity with the clos-
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FIG 2 Dendrogram showing the relationships among Vip proteins based on
their degree of amino acid identity. Amino acid sequences were aligned by
using the Clustal X interface (120). The evolutionary distance was calculated
by maximum likelihood analysis, and the tree was constructed by using the
MEGAS program (121). The proteins used in this analysis are as follows:
ViplAal (sequence identification number [Seq. ID no.] 5 in reference 28),
ViplAbl (Seq. ID no. 21 in reference 28), ViplAcl (GenBank accession num-
ber HM439098), Vip1Ad1 (accession number JQ855505), Vip1Bal (accession
number AAR40886), Vip1Bb1 (accession number AAR40282), Vip1Cal (ac-
cession number AAO86514), ViplDal (accession number CAI40767),
Vip2Aal (RCSB Protein Data Bank accession number 1QS1_A), Vip2Abl
(Seq. ID no. 20 in reference 28), Vip2Acl (accession number AAO86513),
Vip2Ad1 (accession number CAI40768), Vip2Ael (accession number EF4422
45), Vip2Afl (accession number ACH42759), Vip2Ag] (accession number JQ
855506), Vip2Bal (accession number AAR40887), Vip2Bb3 (accession
number AIA96500), Vip3Aal (accession number AAC37036), Vip3Abl
(accession number AAR40284), Vip3Acl (named PS49C; Seq. ID no. 7 in K.
Narva and D. Merlo, U.S. patent application 20,040,128,716), Vip3Ad2
(accession number CAI43276), Vip3Ael (accession number CAI43277), Vip3
Af1 (accession number CAI43275), Vip3Ag2 (accession number ACL97352),
Vip3Ahl (accession number ABH10614), Vip3Ail (accession number KC156
693), Vip3Ajl (accession number KF826717), Vip3Bal (accession number
AAV70653), Vip3Bb2 (accession number ABO30520), Vip3Cal (accession
number ADZ46178), and Vip4Aal (accession number HM044666).

tridial Rho-ADP-ribosylating exotoxin C3 (30). These similarities
suggested that the Vip1 protein is the “B” component and that the
Vip2 protein is the “A” component of the binary toxin (27). Thus,
Vip1 acts as the binding and translocation component (channel-
forming protein) (31-33), and Vip2 enters the cell and exerts its
toxic effect.
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Vip2 is a NAD-dependent actin-ADP-ribosylating toxin (34)
that has two distinctive domains: the N-terminal domain, com-
posed of amino acids 60 to 265, and the C-terminal domain, com-
posed of amino acids 266 to 461, which is the NAD-binding do-
main (Fig. 4) (30). Despite their limited sequence homology to
each other, crystallography structure analysis of the Vip2 N- and
C-terminal domains showed homology in their structures (Fig. 5).
Each domain core is formed mainly by the perpendicular packing
of a five-stranded mixed 3-sheet with a three-stranded antiparallel
B-sheet. The three-stranded sheet is flanked by four consecutive
a-helices, and the five-stranded sheet is flanked by an additional
a-helix (30). The overall fold of each domain resembles the cata-
lytic domains of classical A-B toxins. In fact, crystal structure su-
perposition of Vip2 and the clostridial toxin C3, along with se-
quence alignment, suggests that the class of Vip2 toxins has arisen
by a single gene duplication of an ancestral ADP-ribosyltrans-
ferase. This duplication event would have been followed by fur-
ther divergence by which the N-terminal domain would have lost
catalytic function and evolved into a binding component, to fi-
nally give rise to a new protein family with the ability to bind to
other carrier proteins (e.g., Vip1) and thereby act as binary toxins
(30, 35, 36).

Insecticidal Activity

The toxicity of Vip1, Vip2, and their combination has been tested
against a number of insect species belonging to the orders Cole-
optera, Lepidoptera, Diptera, and Hemiptera as well as nematodes
(Table 1). So far, toxicity against 10 coleopteran species (7, 11, 12,
24, 37, 38) and the hemipteran species Aphis gossypii (13, 14) has
been found.

Testing of individual Vip1 or Vip2 proteins against a number of
insect species from different orders confirmed the fact that these
proteins must act together to be toxic, since neither protein alone
displayed any toxic activity against the species tested (Table 1).
Another interesting feature of these toxins comes from experi-
ments combining different pairs of proteins. The ViplAa/Vip2Aa
binary toxin (carried on and expressed from the same operon) is
active against D. virgifera virgifera, but ViplAb/Vip2Ab (carried
on and expressed from the same operon) has no activity against
this insect. Interestingly, the ViplAa/Vip2Ab combination is ac-
tive, whereas its counterpart ViplAb/Vip2Aa is not, suggesting
that the lack of toxicity of the ViplAb/Vip2Ab pair to D. virgifera
virgifera is due to the ViplAb component (7).

Mode of Action

The molecular mechanism of the insecticidal activity of the
Vip1/Vip2 toxin is not totally understood (Fig. 6). The multi-
step process begins with the ingestion of the toxin by the larva,
followed by proteolytic activation in the midgut by trypsin-like
proteases. The activated monomer of ViplAc has been shown
to form oligomers containing seven Vip1l molecules (29). These
oligomers recognize specific receptors in the midgut brush bor-
der membrane, where the toxin is then inserted into the mem-
brane. Evidence that the Vipl component is involved in recep-
tor recognition was in part provided by the finding that Vip1Aa
cannot be replaced by ViplAb without losing toxicity to D.
virgifera virgifera (7). The first Vipl-binding protein described
was identified in A. gossypii by ligand blot analysis and was ~50
kDa; concomitantly, no binding of Vip1 to brush border mem-
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Vip1Aat:
Vip1Ab1:
Vip1Ac1:
Vip1Ad1:
Vip1Ba1l:
Vip1Bb1:
Vip1Ca1l:
Vip1Da1:

Vip1Aat:
Vip1Ab1:
Vip1Ac1:
Vip1Ad1:
Vip1Ba1l:
Vip1Bb1:
Vip1Ca1l:
Vip1Da1:

Vip1Aat:
Vip1Ab1:
VipTAc1:
Vip1Ad1:
Vip1Ba1l:
Vip1Bb1:
Vip1Ca1l:
Vip1Da1:

Vip1Aa1:
Vip1Ab1:
VipTAc1:
Vip1Ad1:
Vip1Ba1l:
Vip1Bb1:
Vip1Ca1l:
Vip1Da1:

Vip1Aa1:
Vip1Ab1:
Vip1Ac1:
Vip1Ad1:
Vip1Ba1l:
Vip1Bb1:
Vip1Ca1l:
Vip1Da1:

Vip1Aal:
Vip1Ab1:
Vip1Ac1:
Vip1Ad1:
Vip1Ba1l:
Vip1Bb1:
Vip1Ca1l:
Vip1Da1:

Vip1Aal:
Vip1Ab1:
Vip1Ac1:
Vip1Ad1:
Vip1Ba1l:
Vip1Bb1:
Vip1Ca1l:
Vip1Da1:

Vip1AaTl:
Vip1Ab1:
Vip1Ac1:
Vip1Ad1:
Vip1Bat:
Vip1Bb1:
Vip1Cal:
Vip1Dat1:

* * * * * * * * * * * * *
MKNMKKKLASVVTCTLLAPMFLNGNVNAVYADSKTNQISTT - QKNQQKEMDRKGLLGYYFKGKDFSNLTMFAPTRDSTL I YDQOTANKLLDKKQQEYQSIRWIGLIQSKETGDFTENLSEDEQAIIEING : 129
MKNMKKKLASVVTCMLLAPMFLNGNVNAVNADSKINQISTT - QENQQKEMDRKGLLGYYFKGKDFENNLTMFAPTRDNTLMYDQOTANALLDKKQQEYQSIRWIGLIQRKETGDFTENLSKDEQAIIEIDG : 129
MKNMKKKLASVVTCTLLAPMEFNGNVNTAYADNKINQDSSK-QEYQQKEMDRKGLLGY Y FKDKDFSNLTMESPTRYNTLIYDQQTANKLLDKKQQEYQS IRWIGLIQSNKTGDFTFELSDDECAIIEMDG : 129
MKSMKKKLASVVTCTLLAPMFLNGNVNAVYADSKANQISTT - QEKQQKEMDRKGLLGY Y FKGKDFSNLTMFAPTLDNTLMYDQQTANTLLDKKQQEYQS IRWIGLIQSKETGDFTFNLSDDEYAIIEIGG : 129
MTYMKKKLVSVVTCTLLAPMFLNGNVNPVYADNQTNQLSTA - QENQEKEVDRKGLLGY Y FKGKEFNHLT LFAPTRDNTLIYDQQTVDSLLDKKQQEYQS IRWIGLIQSKETGDFTFNLSDDKNAIMEIDT : 129
MTYMKKKLVSVVTCTLLAP IFLTGNVHPVNADSKKSQPSTA - QEKQEKPVDRKGLLGYFFKGKEFNHLT LEAPTRDNTLIYDQQTANSLLDTKQQEYQS IRWIGLIQSKETGDFTFNLSDDONAIIEIDG : 129
MKNMKKKLASVVTCTLLAPMFLNGNVNAVYADSKTNQISTT - QKNQQKEMDRKGLLGY Y FKGKDFSNLTMFAPTRDNTL I YDQQTANKLLDKKQQQOYQS IRWIGLIQSKEKGDFTFNLSEDEQAIIEIDG : 129
MKYMKKGLSSVVIGTLFASMELNGNVNAVYANSKTNQIATTTQASKDNQIDREGLLGYYFKGKDENDLT LEAPTRDNTLIYDQQTANTLVDQOKHQEYHS IRWIGLIQSSATGDETFKLSDDENAIIELDG : 130

* * * * * * * * * * * * *
KIISNKGKEKQVVHLEKGKLVPIKIEYQSDTKFNIDSKTFKELKLFKIDSQNQPQOVQQODELRNPEFNKKESQEFLAKPSKINLFTQKMKRE - - IDEDTDTDGDSIPDLWEENGYTIONRIAVKWDDSLA : 257
KIISNKGKEKQVVHLEKEKLVPIKIEYQSDTKFNIDSKTFKELKLFKIDSQNQSQQVQ- - - LRNPEFNKKESQEFLAKASKTNLEFKQKMKRD - - IDEDTDTDGDSIPDLWEENGYTIQNKVAVKWDDSLA : 254
KVISNKGKEKQVVHLEKGKLVPIKIEYQLDEPLNIDDEKFKGFKLLKVDNQKQLHQVQQODELRNPEFNKKESQEFLAKASKINLFTKKIKRD- - IDEGTDTDGDSIPDMWEENGYTIQNRIAVKWNDSLA : 257
KIISNKGKEKQVVHLEKGKLVPIKIEYQSDTPLNIDSKAFKEFKLFKIDSQNQSQQVORDELINPEFNKKESQEFLAKASKINLFTQKMKRD- - IDEDTDTDGDSIPDLWEENGYTIQNRIAVKWDDSLA : 257
KTISHKGONKQVVHLEKGKLVPIKIEYQPDQIVNRDSKIFKEFKLFKVDSKQQSHQVQLDELRNPEFNKKETQQFLEKASKTNLETQNMKRD - - - EDATDTDGDSIPDLWEENGYTIQNKVAVKWDDSFA : 256
KIISHKGONKQVVHLEKGKLVPIKIEYQSDQILTRDSNIFKEFQLFKVDSQQHSHQVOLDELRNPDENKKETQQFLEKAAKTNLETQNMKRD TDDDDDTDTDGDSI PDLWEENGYT IQNKVAVKWDDSFA : 259
KIISNKGKEKQVVHLEKEKLVPIKIEYQSDTKFNIDSKTFKEFKLFKIDSONQSQQVKRDELRNPEFNKKESREFLAKASKTNFEFMQKMKRD - - IDEDTDTDGDSIPDLWEENGYTIQNKVAVKWDDKFA : 257
KVISEKGNNKQSVHLEKGOLVQIKIEYQSDDALHIDNKIFKELKLFKIDSONHSQQVQQODELRNPEFNKKET QVELKKASKTNLETQKTKRD - - IDEDTDTDGDSIPDVWEENGYTIQNKVAVKWDDSLA : 258

* * * * * * * * * * * * *
SKGYTKFVSNPLESHTVGDPYTDYEKAARDLDLSNAKETFNPLVAAFPSVNVSMEKVILSPNENLSNSVESHSSTNWSYTNTEGASVEAGIGPKGISFGVSVNYQHSETVAQENGTSTGNTSQFNTASAG : 387
SKGYTKFVSNPLDSHTVGDPYTDYEKAARDLDLSNAKETFNPLVAAFPSVNVSMEKVILSPNENLSNSVESHSSTNWSYTNTEGAS I EAGGGPLGLSFGVSVTYQHSETVAQEWNGTSTGNTSQFNTASAG : 384
SKGYTKFVSNPLDSHTVGDPYTDYEKASRDLDLSNAKETFNPLVAAFPSVNVSMEKVILSPNKNLSNSVESHSSTNWSYTNTEGASVEAGIGPKGFSFGVSANYQHSETVAQEWGAS IGDTTQLNTASAG : 387
SKGYTKFVSNPLDSHTVGDPYTDYEKAARDLDMSNAKET FNPLVAAFPSVNVNMEKVILSPNKNLSNSVESHSSTNWSYTNTVGASVEAGFGPKGLSFGVSASYQHSETVAQENGTSKGNTSQFNTASAG : 387
AKGYTKFVSNPFDSHTVGDPYTDYEKAARDLDLANAKETFNPLVAAFPSVNVNLEKVILSPNEDLSNSVESHSSTNWSYTNTEGVS IEAGSGPLGISYGVSANYQHSETVAKEWGTSTGNTSQFNTASAG : 386
AKGYTKFVSNPLESHTVGDPYTDYEKAARDLDLANAKETFNPLVAAFPSVNVNLEKVILSPDENLSNSVESHSSTNWSYTNTEGAS I EAGGGPLGI SFGVSANYQHSETVAKEWGT STGNTSQFNTASAG : 389
QQGYVKYLSSPYQAHTVGDPYTDWEKAAGD I PKSNAAATRNPLVAAFPS INVDMRKMILSKDSNLSNSAEAHSNNS Y TYANSEGAS IEAGFGPKGFSFGVSANYQHTETVGSDWGNSKSNTEQFNSASAG : 387
SKGYQKFTSNPLEAHTVGDPYSDYEKAARDMPLSNAKET FNPLVAAFPSVNVSLEKVILSKNEDLSHSVESSQSTNWSYTNTEGVNVNAGWSGLGPSFGVSVNYQHSETVANEWGSATNDGTHINGAESA : 388

* * * * * * * * * * * * *
YLNANVRYNNVGTGAIYDVKPTTSFVLNNDTIATITAKSNSTALNISPGESYPKKGONGIAITSMDDFENSHPITLNKKQVDNLLNNK - PMMLETNQTDGVYKIKDTHGNIVTGGEWNGVIQQIKAKTASI :516
YLNANVRYNNVGTGAIYDVKPTTSFVLNNNTIATITAKSNSTALRISPGDSYPEIGENAIAITSMDDENSHPITLNKQQVNQLINNK - PIMLETDQTDGVYKIRDTHGNIVTGGEWNGVTQQIKAKTAST :513
YLNANVRYNNVGTGAIYDVKPTTSFVLEKNTIATITAKSNSTALSISPGESYPKKGONGIAITSMDDFENSHPITLNKKQLDQVLTNN - PIMLETDQTDGIYKIKDTHGNIVTGGTWNGVTQQIKAKTASI :516
YLNANVRYNNVGTGAIYEVKPTTSFVLDKNTIATITAKSNSTALNISPGESYPKKGQONGIAITSMDDFNSHPITLNKQQVDQLLNNK - PMMLETNQTDGVYKIKDTHGNIVTGGEWNGVTQQIKAKTASI :516
YLNANVRYNNVGTGAIYEVKPTTGFVLDNDTVATITAKSNSTALSISPGESYPKKGONGIAINTMDDENSHPITLNKQQLDQIFNNK - PLMLETNQADGVYKIKDTSGNIVTGGEWNGVIQQIQAKTASI :515
YLNANVRYNNVGTGAIYEVKPTTSEVLDKDTVATITAKSNSTALSISPGESYPKKGONGIAINTMDDENSHPITLNKQQLDQLLNNK - PLMLETNQADGVYKIKDT SGNIVTGGEWNGVIQQIQAKTAST :518
YLNANVHYNNVGTGGIYDAQPTTSEILODSTIATITAKSNATALSIPSGDRYPAS - KEGISLKTMDDENSHPITLNKPQLDAVLNNE - VIKINTDQTDGRYGI IGVDGKAEIGDRWSPIIDEIKGRTASI :515
YLNANVRYNNVGTGAIYETKPTTSEILDGTTIGTIKAKENTTALTILPDQSYPEKGKNGIAINTMDDENSRPI PLNKEQLNT YLSNKKPILLETDQVEGKYAIKDTNGNITIAGDWNGITDEISAKTAST :518

* * * * * * * * * * * * *
IVDDGE-RVAEKRVAAKDYENPEDKTPSLTLKDALKLSYPDEIKE - TEGLLYYKNK--------- PIYESSVMTYLDENTAKEVTKQLNDTTGKFKDVSHLYDVKLTPKMNVTIKLSILYDNAESNDNS- : 634
IVDDGK-QVAEKRVAAKDYGHPEDKTPPLTLKDTLKLSYPDEIKE - TNGLLYYDDK- - - - PIYESSVMTYLDENTAKEVKKQINDT TGKFKDVNHLYDVKLTPKMNFTIKMASLYDGAENNHNS - :631
IVDDGK-QVAEKRVAAKDYAYPEDKTPSLTLKDALKLSFPEEIKE-TDGLLYYNNK-
IVDNGE-RVSEKRVAAKDYDYPEDKTPSLTLKDALKLSYPDEIKE-TDGLLYYNDK-
IVDTGE-GVSEKRVAAKDYDNPEDKTPSLSLKEALKLGYPEEIKE - KDGLLYYNDK-
IVDTGE-SVSEKRVAAKDYDNPEDKTPSLSLKEALKLGYPEEIKE - KDGLLYYKDK- -

- -PIYESSVMTYLDENTAKEVEKQLODTTGIYKDINHLYDVKLTRTMNFTIKLASLYDGAENNDVK- :636

IIDPADGKALETRIAAKDYKNPEDKTPSLTIKEGLKIAYPESISEDKDGILFYEYKNDEGKVTKKQLSEENIMPYLDEDTSKEFERQLSDGS- - - - - AKGLYDIKLTPKMNITIRLATVTLGFDDQFSAY :640
IVDNGN-QMSEKRVAAKDY TNPEDKTPNLSVKEALKLAYPDETIEE - KDGLLFYNDQ--------- PIFEASVQSYVDEYTAKQIRKQLNDSTGSFKDVKNLYDVKLEPKMNFTIKTSTLYDGGESDNTK- :636
* * * * * * * * * * * * *
-IGKWTNT- - -NIVSGGNNGKKQYSSNNP- - - - - DANLTLNTDAQEKLNKNRDYYISLYMKSEKNTQCEITIDGEIYPITTKTVNVNKDNYKRLDIIAHNIKSNPISSLHIKTND-EITLF 1745
-LGTWYLT - - - YNVAGGNTGKRQYRSAHSC- - - - - AHVALSSEAKKKLNONANYYLSMYMKADSTTEPTIEVAGEKSAITSKKVKLNNQNYQRVDILVKNSERNPMDKIYIRGNG-TTNVY :742
GDNPWGAKGLLGTWVNA- - -MVVD- -NSGDKAYKRVEPGY - LLSPTLEFSEGSLDNLKKNYSFYVSMYVKSDKPFTLRINAG- - - - PYSTKRTIEASNDFKRVDIPAFYIEGFPIDTIRLEGSDYPSAIW : 755
————————— PIGTWYNT- - - SYVNGGNTGKKQFQSANSN- - - - -AYVALSSEAKKKLNQSVNYYLSMYMKADSTTEPTVEVVGAKSTITSKKVKLNNQGYQRVDILVKNSERNLIDKIYIKGNG-KTNVY : 747
D---VGISSPLGEWAFKPDINNVEGGNTGKRQYQLSKNKDGYYYGMLALSPEVSNKLKKNYQYYISMSIKADAGVEPTVTVMDNLNCIVDKKLKLSSNGYQRFDILVDNSESHPINVMVI----~-~----- 1751
fffffff NGPIGHWYYT- - - YNTGGGNTGKHQYRSANPS - - - - - ANVVLSSEAKSKLDKNTNYYLSMYMKAESDTEPTIEVSGENSTITSKKVKLNSEGYQRVDILVPNSERNPINQIYVRGNN-TTNVY : 750

TWSDKFGNLRLGSLAIP------ QESKYTIPKDKVKPNYDYLITGYIKHD------ FTTDNESLGIVAFTKKDNFEMWNMGTSIFSQNSGGEFKKFTIKTQONISGDYI :741
1747

* * * * * * * * * * * * *
WDDISITDVASIKPENLTDSEIKQIYSRYGIKLEDGILIDKKGGIHYGEFINEASFNIEPLONYVTKYEVTYSSELGPNVSDTLESDKIYKDGTIKFDFTKYSKNEQGLFYDSGLNWDFKINAITYDGKE 1875
GDDVTIPEVSAINPASLSDEEIQEIFKDSTIEYGN----------

WKDVSITEVSAVKK
WDDVTISEISAINPASLSDIEIQEIFKDSTIQYGN--

LDSIQLMKRNN

WDDVSFVEVGAEEIEYKDPVPQFDIIEGDFDFFGDP- :861

*
MNVFHRYNK-- :884
QKKAA------ 1834

GRKIEVFNKIF :878
GRKIEVFNKIF : —
-- :860

TAVVRIFAVD- :871

FIG 3 Multiple-sequence alignment of the Vip1 proteins. Sequence identity is indicated by shading, where violet is 100% sequence identity, pale blue is 80 to
100%, yellow is 60 to 80%, and white is <60%. Intervals of 10 amino acids are marked with “*.” SP, signal peptide. Proteins used in this analysis are as follows:
ViplAal (Seq. ID no. 5 in reference 28), ViplAbl (Seq. ID no. 21 in reference 28), ViplAcl (GenBank accession number HM439098), ViplAd1 (accession
number JQ855505), Vip1Bal (accession number AAR40886), Vip1Bb1 (accession number AAR40282), ViplCal (accession number AAO86514), and Vip1Dal
(accession number CAI40767).

brane vesicles (BBMVs) from nonsusceptible insect species was  ductance states, suggesting the simultaneous formation of two
observed (14). different channels. ViplAc channels are asymmetric and moder-

Invitro experiments showed that Vip1 formed membrane pores  ately anion selective. The putative channel-forming domain of
in artificial lipid bilayers (29). The pores had two different con-  Vip1 contains two negatively charged (E340 and E345) and two
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* * * * * * * * * * * * *
Vip2Aal: MKRMEGKLFMVSKKLQVVTKTVLLSTVFSISLLNNEVIKAEQLNINSQSKYTNLQNLKITDKVEDFKEDKEKAKEWGKEKEKEWKLTATEKGKMNNFLDNKND IKTNYKEI TFSMAGSFEDEIKDLKEID [l : 130
Vip2Ab1: MORMEGKLFVVSKTLQVVTRTVLLSTVYSITLLNNVVIKADQLNINSQSKYTNLONLKIPDNAEDFKEDKGKAKEWGKEKGEEWR PPATEKGEMNNFLDNKNDIKTNYKEI TFSMAGSCEDEIKDLEEID | : 130
Vip2Acl: MKRMEGKLFMVSTKLQAVTKAVLLSTVLSISLLNNEVIKAEQLNMNSQNKYTNFENLKITDKVEDFKEDKEKAKEWGKEKEKEWKL TATEKGKMNNEFLDNKNDIKTNYKEITFSMAGSFEDEIKDLKEID | : 130
Vip2Ad1: ---MIVIIFTNVKGGNELKKNFYKNLICMSALLLAMPISSNVTYAYGSEKVDYL- - VKTTNNTEDFKEDKEKAKEWGKEKEKEWKLTVTEKTRMNNFLDNKND I KKNYKEITFSMAGSFEDEIKDLKEID [l : 125
Vip2Ael: MORMEGKLFMVSKKLQAVTKTVLLSTVLSISLLNNEEVKAEQLNINSQNKYTNFQONLKITDNAEDFKEDKEKAKEWGEEKEKEWKLTATEKGKMNNFLDNKND IKTNYKEI TFSMAGSFEDEIKDLKEID [l : 130
Vip2Af1: MKRMEGKLFMVSRKLQLVTKALLFSTVLSIPLLNNEEVKAEHLNLNSQSKYPSFQNQOKITDNAEDFKEDKEKAKEWGEVKEKEWKLTATEKRK INDFLNDTNKIKTNYKEI TFSMAGSFEDELKDLKEID | : 130
Vip2Ag1: MKRMGERLFMISKKLQLVTKILLCSKFLFIPLLNNEVVKAEQLNINSQSKYSDFQONLKIIDKAEDFKEDKEKAKEWGKEKEKEWKL TATEKGKMNDFLNDKNKIKTNYKEITFSMAGSFEDEMKNLKEID | : 130
Vip2Bal: --------- MVSKKLQLITKTLVFSTVLS I PLLNNSEIKAEQLNMNSQIKYPNFONINIADKPVDFKEDKEKAREWGKEKEKEWKL TVTEKGK INDFLDDKDGLKTKYKEINFSKNFEYETELKELEKIN f§ : 121
Vip2Bb3: --------- MVSKKLQLVTKTLVFSTVLSIPLLNNSEIKAEQLNMNSQIKYPNFONINIADKPVDFKEDKEKAREWGKEKEKEWKLTATEKGK INDFLDDKDGLKTKYKEINFSKNFEYETELKQLEKIN § : 121
[ |
* * * * * * * * * * * * *
Vip2Aal : | KMFDKTNLSNSIITYKNVEPTTIGFNKSLTEGNTINSDAMAQFKEQFLDRDIKFDSYLDTHLTAQQVSSKERVILKVTVPSGKGSTTPTKAGYILNNSEYKMLIDNGYMVHVDKVSKVVKKGVECLQIEG [l : 260
Vip2Ab1: | KIFDKANLSSSIITYKNVEPATIGENKSLTEGNTINSDAMAQFKEQFLGKDMKFDSYLDTHLTAQQVSSKKRVILKVTVPSGKGSTTPTKAGY ILNNNEYKMLIDNGYVLHVDKVSKVVKKGMECLQVEG | : 260
Vip2Ac1 : | KIFDKANLSSPIITYKNVEPATIGENKSLTEGNTINSDAMAQFKEQFLDRDIKEDSYLDTHLTVOQVSSKERVILKVKVPSGKGSTTPTKAGI ILNNSEYKMLIDNGYMVHVDKVSKVVKKGVECLOVEG | : 260
Vip2Ad1 : | KMFDKANLSSSIVIYKNVEPSTIGENKPLTEGNTINTDVOAQFKEQFLGKDIKFDSYLDTHLTAQNVSSKERI ILOVTVPSGKGSTIPTKAGYILNNNEYKMLIDNGYVLHVDNISKVVKKGYECLQIOG [l : 255
Vip2Ae1 : | KIFDKANLSSSIITYKNVEPATIGFNKSLTEGNTINSDAMAQFKEQFLGKDMKFDSYLDTHLTAHQVS SKKRVILKVTVPSGKGSTTPTKAGYILTNNEYKMLIDNGYVLHVDKVSKVVKKGMECLQVEG [l : 260
Vip2Af1 : | KMFDKANLSSSIITYKNVEPATIGFNKSLTEGNTINSDVMAQFKEQFLGKDIKFDSYLDTHLTVQQVSSKERVILKVTVPSGKGSTNPTKAGYILDGNEPKMLIDNGYVLHVDKVSKVVKKGLECLQVEG | : 260
Vip2Ag1: | KMFDKANLSSSIITYKNVEPATIGFNKSLIEGNTINSDALAQFKEQFLDRDMKEDSYLDTHLTAQQVS SKERVIMKVTVPSGKGSTTPTKAGY I LNNNEYKMLIDNGYVLHVDKVSKVVKKGFECVQVEG | : 260
Vip2Bal : | TMLDKANLTNSIVIYKNVEPTTIGENQOSLIEGNQINAEAQOKFKEQFLGODIKEDSYLDMHLTEQNVSSKERVILKVTVPSGKGST - PTKAGVVLNNNEYKMLIDNGYVLHVEN I TKVVKKGOECLOVEG | : 250
Vip2Bb3: | SMLDKANLTNSIVIYKNVERTTIGFNHSLTDGNQINSEAQQKFKEQFLGNDIKFDSYLDMHLTEQNVSGKERVILKVTVLSGKGST - PTKAGVVLNNKEYKMLIDNGY I LHVEN I TKVVKKGOECLQVEG | : 250
* * * * * * * * * * * * *
Vip2Aal: | TLKKSLDFKNDINAEAHSWGMKNYEEWAKDLTDSQREALDGYARQDYKEINNYLRNOGGSGNEKLDAQIKNISDALGKKPIPENITVYRWCGMPEFGYQISDPLPSLKDFEEQFLNTIKEDKGYMSTSLS | : 390
Vip2Ab1: TLKKSLDFKNDINAEAHSWGMKIYEDWAKNLTASQREALDGYARQDYKEINNYLRNQGGSGNEKLDAQLKNISDALGKKPIPENITVYRWCGMPEFGYQISDPLPSLKDFEEQFLNTIKEDKGYMSTSLS | : 390
Vip2Ac1 : | TLKKSLDFKNDINAGA (NYEEWAKDLTDLOREALDGYARQDYKEINNYLRNQGGNGNEKLDAQ I KNISDALGKKPIPENITVYRWCGMPEFGYQISDPLPSLKDFEEQFLNTIKEDKGYMSTSLS | : 390
Vip2Ad1: | TLKKSLDFKNDINAEAHRWGMKNYEGWAKNLTDPQREALDGYARQDYKQINDYLRNQGGSGNEKLDTQIKNISEALEKQPIPENITVYRWCGMAEFGYQISDPLPSLKEMEEKFLNTMKEDKGYMSTSLS | : 385
Vip2Ael: | TLKKSLDFKNDINAEAHSWGMKIYEDWAKNLTASQREALDGYARQDYKQINDYLRNQGGSGNEKLDTQIKNISEALEKQPIPENITVYRWCGMPEFGYQISDPLPSLKDFEEQFLNTIKEDKGYMSTSLS | : 390
Vip2Af1: | TLKKSLDFKNDISAKAHSWGMKNYEEWAANLTDSQRKALDGYARQDYKKINDYLRNQGGSGNEQLDAQIKNISETLNNKPIPENITVYRWCGMPEFGYQISEPLPALKDFEWEFLNTIKEDKGYISTSLS | : 390
Vip2Ag1: ILKKSLDFKNDINAESHSWGMKNYEGWAKNLTDSQREALDGYARQDYKKINDYLRNQGGSGNEQLDAQIKNISETLNNKPIPENITVYRWCGMPEFGYQISDPLPSLKDFEEKFLNTIKEDKGYMSTSLS | : 390
Vip2Bal: | TLKKSLDFKNDSDGKGDSWGKKNYKEWSDTLTTDQRKDLNGYARQDYKKINDYLRNQGGSGNEQLDAQIKNISETLNNKPIPENITVYRWCGMAEFGYPIKPEAPSVODFEERFLDTIKEEKGYMSTSLS | : 379
Vip2Bb3: | TLKKSLDFKNDSDGKGDSWEKKNYKEWSDSLTNDQRKDLNDYGARGYTEINKYLR - EEGTENTELEEK IKNISDALEKNPIPENITVYRYCGMAEFGY PIQPEAPSVODFEEKFLDKIKEEKGYMSTSLS | : 379
* * * * * * *
Vip2Aal:| SERLAAFGSRKIILRLQVPKGSTGAYLSAIGGFA-SEKEILLDKDSKYHIDKVTEVIIKGVKRYVVDATLLTN :462
Vip2Ab1: | SERLAAFGSRKIILRLQVPKGSTGAYLSAIGGFA- SEKEILLDKDSKYHIDKATEVIIKGVKRYVVDATLLTN :462
Vip2Ac1: | SERLAAFGSRKIILRLQVPKGSTGAYLSAIGGFA-NEKEILLDKDSKYHIDKVTEVIIKGVKRYVVDATLLTN :462
Vip2Ad1: | SERLSAFGSRKFILRLQVPKGSTGAYLSAIGGFA-SEKEILIDKDSNYHIDKITEVVIKGVKRYVVDATLLTK :457
Vip2Ael: | SERLAAFGSRKFILRLQVPKGSTGAYLSAIGGFA-SEKEILIDKDSNYHIDKITEVVIKGVKRYVVDATLLTK :462
Vip2Af1: SERLAAFGSRKFILRLQVPKGSTGAYLSAIGGFA-SEKEILIDKDSNYHIDKITEVVIKGIKRYVVDATLLTN :462
Vip2Ag1: | SERLAAFGSRKFILRLQVPKGSTGAYLSAIGGFA-SEKEILIDKDSNYHIDKITEVVIKGVKRYVIDATLLTK :462
Vip2Bal:| SD-ATSFGARKIILRLQVPKGSSGAYVAGLDGFKPAEKEILIDKGSKYRIDKVTEVVVKGTRKLVVDATLLTK :451
Vip2Bb3: | SD-ATSEGARKIILRLQIPKGSSGAYVAGLDGEKPAEKEILIDKGSKYHIDKVTEVVVKGIRKLVVDATLLLK :451

FIG 4 Multiple-sequence alignment of the Vip2 proteins. Sequence identity is indicated by shading, where violet is 100% sequence identity, pale blue is 80 to
100%, yellow is 60 to 80%, and white is <60%. Intervals of 10 amino acids are marked with “*.” SP, signal peptide. The N-terminal domain (N-domain) and
C-terminal domain (C-domain) are framed within boxes. The protein sequences used in this analysis are as follows: Vip2Aal (RCSB Protein Data Bank accession
number 1QS1_A), Vip2Abl (Seq. ID no. 20 in reference 28), Vip2Acl (GenBank accession number AAO86513), Vip2Ad1 (accession number CAI40768),
Vip2Ael (accession number EF442245), Vip2Afl (accession number ACH42759), Vip2Agl (accession number JQ855506), Vip2Bal (accession number AAR4
0887), and Vip2Bb3 (accession number AIA96500).

positively charged (K351 and H363) amino acids, which are hy-
pothesized to contribute to the selectivity of the channel (29).

The mechanism by which Vip2 enters the cell is still unknown,
but based on its homology with the C2-I component of the C2
clostridial binary toxin, it seems likely that Vip2 enters the cell via
receptor-mediated endocytosis (27). Leuber et al. (29) proposed a
second possibility, in which the strong outward proton gradient
across the midgut brush border membrane of insect cells (main-
tained by the highly alkaline midgut fluids of the larvae) could
favor Vip2Ac being “directly” delivered into the cytoplasm of the
midgut cells via the channel formed by Vip1Ac. Experimental ev-
idence favoring either one of these mechanisms is lacking. Once
inside the cytosol, the catalytic Vip2 domain would catalyze the
transfer of the ADP-ribose group from NAD to actin, preventing
its polymerization and thus inhibiting microfilament network
formation (30, 34).

Expression in Plants

Despite the economic importance of Vipl and Vip2 as effective
toxins against the major corn pest D. virgifera virgifera, expression
of the binary toxin in planta has not been possible due to the
cytotoxic activity of the Vip2 protein. In fact, Vip2 expression in
yeast resulted in serious developmental pathology and phenotypic
alterations (34). To overcome this problem, Jucovic et al. (34)
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designed a new zymogene strategy that consisted of the expression
of a zymogenic form of Vip2 called “ProVip2.” The Vip2 proen-
zyme was obtained by extension of the C-terminal portion of the
protein in such a way that it masked the enzymatic activity. The
additional C-terminal peptide was effectively eliminated by the pro-
teolytic action of D. virgifera virgifera midgut enzymes, and insects
on a diet containing ProVip2 transgenic corn and Vip1 were all
killed. Transformed plants had a phenotype unrecognizable from
that of controls.

THE Vip3 LEPIDOPTERAN-ACTIVE PROTEIN

Similarly to the Vipl and Vip2 proteins, Vip3 proteins are pro-
duced during the vegetative growth phase of B. thuringiensis and
can be detected in culture supernatants from 15 h postinoculation
to beyond sporulation, which reflects their high stability (15, 39).
A study of the vip3Aal6 gene reported that the transcription start
point was located 101 bp upstream of the start codon and that the
—35and —10 promoter regions were very similar to the B. subtilis
promoters that are under the control of the o* holoenzyme. These
results strongly suggested that the vip3Aal6 gene is transcribed by
a 0”® holoenzyme, the B. thuringiensis homolog of ¢ (39).
Genes coding for Vip3 proteins are commonly found among B.
thuringiensis strains, and hence, some studies have even found
them in 50% and up to 87% of the strains tested and in >90% of

mmbr.asm.org 333


http://www.ncbi.nlm.nih.gov/protein/1QS1_A
http://www.ncbi.nlm.nih.gov/nuccore?term=AAO86513
http://www.ncbi.nlm.nih.gov/nuccore?term=CAI40768
http://www.ncbi.nlm.nih.gov/nuccore?term=EF442245
http://www.ncbi.nlm.nih.gov/nuccore?term=ACH42759
http://www.ncbi.nlm.nih.gov/nuccore?term=JQ855506
http://www.ncbi.nlm.nih.gov/nuccore?term=AAR40887
http://www.ncbi.nlm.nih.gov/nuccore?term=AAR40887
http://www.ncbi.nlm.nih.gov/nuccore?term=AIA96500
http://mmbr.asm.org

Chakroun et al.

FIG 5 Tridimensional structure of Vip2 showing the two domains in different colors (N-terminal domain in blue and C-terminal domain in orange). (A)
Schematic ribbon representation showing the NAD molecule (in blue) bound to the C-terminal domain. (B) Schematic drawing with secondary structure
nomenclature. (Reprinted from reference 30 by permission from Macmillan Publishers Ltd.)

strains carrying cryl and cry2 genes (20, 21, 40—44). vip3 genes are
~2.4 kb in length, and they are normally carried on large plasmids
(43, 45), although in some cases, they have been proposed to be
located in the bacterial chromosome (46). Many strategies for
screening of B. thuringiensis isolates have been performed with the
aim of isolating new vip3 genes (19, 20, 25, 42, 46-52). At the time
of writing of this review, there have been 54 vip3Aa, 2 vip3Ab, 1
vip3Ac, 4 vip3Ad, 1 vip3Ae, 3 vip3Af, 15 vip3Ag, 1 vip3Ah, 1 vip3Ai,
2 vip3Ba, 3 vip3Bb, and 4 vip3Ca genes reported (9). It is not
surprising that most studies on the Vip3 proteins have been car-
ried out with the most abundant Vip3Aa proteins, and hence, very
little information is available on the Vip3B and Vip3C proteins
and other less common proteins of the Vip3A family (Vip3Ab and
Vip3Ag, etc.). Unfortunately, early papers omitted the tertiary
rank for the Vip3 proteins, referring just to Vip3A. Although these
studies were most likely carried out on Vip3Aa, in this review, we
follow the nomenclature provided by the authors whenever we
found that it was not possible to identify the protein by accession
number or by any other means.

Protein Structure and Function
The number of amino acids in any particular Vip3 protein is
~787, and the protein has an average molecular mass of ~89 kDa.
The N terminus of Vip3 is highly conserved, while the C-terminal
region is highly variable (16, 50, 53) (Fig. 7); thus, the C-terminal
region was proposed to be involved in target specificity (53).
Vip3A proteins contain three cysteine residues. Point muta-
tions in each of these three residues resulted in a loss of activity.
However, this loss of activity was related to trypsin sensitivity
rather than to the disruption of potential disulfide bonds (54).
The N terminus of Vip3 proteins contains a signal peptide that
is responsible for the translocation of the protein across the cell
membrane. It consists of a few positively charged amino acids,
followed by a hydrophobic region, which are not removed after
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secretion from the bacterial cell (15, 55, 56). Without a clear pu-
tative cleavage site, the size of the signal peptide varies depending
on the protein sequence itself and on the program used for pre-
diction and ranges from 11 to 28 amino acids (15, 55, 56). Since
the secretion of proteins commonly implies the excision of the
signal peptide, the secretion mechanism for the Vip3 proteins is
still unclear.

The highly conserved amino acid sequence of the N-terminal
region of Vip3A proteins suggests that this region likely plays an
important role in protein structure and insecticidal activity. How-
ever, contradictory results have been obtained in experiments
testing the insecticidal activity of mutant Vip3A proteins with de-
letions at the N-terminal end. Deletion of the first 198 amino acids
(which corresponds to the 22-kDa proteolytic fragment described
by Estruch and Yu [57]) abolished toxicity to Helicoverpa armigera
(Lepidoptera: Noctuidae) and Spodoptera exigua (Lepidoptera:
Noctuidae) (58). Deletion of the first 27 N-terminal amino acids
from Vip3Aa rendered the protein inactive due to a total loss of
solubility (56). The deletion of the first 39 N-terminal amino acids
from Vip3Aa differentially affected the toxicity of this protein to-
ward the two susceptible insect species Spodoptera litura (Lepi-
doptera: Noctuidae) and Chilo partellus (Lepidoptera: Crambi-
dae) (59). Contrary to the above-described results, Gayen et al.
(60) found that a deletion of the first 200 N-terminal amino acids
enhanced the insecticidal potency of the core active toxin ~2 to
3-fold against H. armigera, A. ipsilon, Spodoptera littoralis (Lepi-
doptera: Noctuidae), and Scirpophaga incertulas (Lepidoptera:
Pyralidae). Similarly, in another study (49), a deletion of 33 amino
acids from the Vip3Aa N terminus caused no loss of toxicity
against S. litura, Plutella xylostella (Lepidoptera: Plutellidae), and
Earias vitella (Lepidoptera: Noctuidae).

The function of some C-terminal modifications has also been
studied, without leading to a general conclusion. Usually, the ef-
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TABLE 1 Spectrum of activity of individual Vipl and Vip2 protoxins and their combinations as binary toxins

Protein Insect order Insect species Activity” (LCs,) Reference(s)
ViplAa Coleoptera D. virgifera virgifera NA 7
ViplAc Coleoptera C. suppressalis, Holotrichia oblita NA 13
Tenebrio molitor NA 26
Lepidoptera H. armigera, S. litura NA 13
S. exigua NA 26
Diptera C. quinquefasciatus NA 26
Hemiptera A. gossypii NA 13,26
ViplAd Coleoptera Anomala corpulenta, H. oblita, Holotrichia parallela NA 24
ViplAe Hemiptera A. gossypii NA 14
ViplDa Coleoptera D. virgifera virgifera NA 37
Vip2Aa Coleoptera D. virgifera virgifera NA 7
Vip2Ac Coleoptera T. molitor NA 26
Lepidoptera H. armigera, S. exigua, S. litura NA 26
Vip2Ad Coleoptera D. virgifera virgifera NA 37
Vip2Ae Coleoptera H. oblita, T. molitor NA 13
Lepidoptera C. suppressalis, H. armigera, S. exigua NA 13
Diptera C. quinquefasciatus NA 13
Hemiptera A. gossypii NA 13,14
Vip2Ag Coleoptera A. corpulenta, H. oblita, H. parallela NA 24
ViplAa + Vip2Aa Coleoptera Diabrotica longicornis barberi +++ (NI) 7
Diabrotica undecimpunctata howardi + (NI) 7
D. virgifera virgifera +++ (40/20" ng/g diet) 7
Leptinotarsa decemlineata, T. molitor NA 7
Lepidoptera A. ipsilon, H. virescens, H. zea, M. sexta, O. NA 7
nubilalis, S. exigua, S. frugiperda
Diptera Culex pipiens NA 7
ViplAa + Vip2Ab Coleoptera D. virgifera virgifera +++ (NI) 7
ViplAb + Vip2Aa Coleoptera D. virgifera virgifera NA 7
ViplAb + Vip2Ab Coleoptera D. virgifera virgifera NA 7
ViplAc + Vip2Ac Coleoptera T. molitor NA 26
Lepidoptera H. armigera, S. exigua, S. litura NA 26
ViplAc + Vip2Ae Coleoptera H. oblita, T. molitor NA 13
Lepidoptera C. suppressalis, H. armigera, S. exigua NA 13
Diptera C. quinquefasciatus NA 13
Hemiptera A. gossypii +++ (87.5 ng/ml) 13
ViplAd + Vip2Ag Coleoptera A. corpulenta +++ (220 ng/g soil) 24
H. oblita +++ (120 ng/g soil) 24
H. parallela +++ (80 ng/g soil) 24
ViplAe + Vip2Ae Hemiptera A. gossypii ++ (96/481° ng/ml) 14
ViplCa + Vip2Aa Coleoptera T. molitor NA 23
Lepidoptera H. armigera, S. exigua, S. litura NA 23
Diptera C. quinquefasciatus NA 23
ViplDa + Vip2Ad Coleoptera Anthonomus grandis + (207 pg/ml) 37
D. longicornis barberi +++ (213 ng/ml) 37
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TABLE 1 (Continued)

Protein Insect order Insect species Activity” (LCs,) Reference(s)
D. undecimpunctata howardi ++ (4.91 pg/ml) 37
D. virgifera virgifera +++ (437 ng/ml) 37
L. decemlineata +++ (37 ng/ml) 37
Lepidoptera H. virescens, H. zea, M. sexta, O. nubilalis, Sesamia NA 37
nonagrioides, S. littoralis, S. frugiperda
ViplAc-like/Vip2Ac-like Coleoptera Sitophilus zeamais ++ (NI) 38
Vip1/Vip2 Nematoda Caenorhabditis elegans, Pristionchus pacificus NA 122
Vip1Bal-Vip2Bal Coleoptera D. virgifera virgifera +++ (NI) 11
ViplAa2-Vip2Aa2 Coleoptera D. virgifera virgifera +++ (NI) 12
Lepidoptera H. virescens, H. zea NA 12
Vip1Bb1-Vip2Bbl Coleoptera D. virgifera virgifera +++ (NI) 12
Lepidoptera H. virescens, H. zea NA 12

@ The number of “+” symbols reflects the activity level. NA, not active; NI, no information on the LCs,.

¥ Proportion of Vip1/Vip2 that gives 50% mortality.

fect of the same change varies among different insect species, pre-
venting a consensus about the contribution of certain regions or
amino acid positions to the toxicity of Vip3A proteins (49, 56,
58-60). There is generally agreement in that the last amino acids of
the C terminus are critical for the activity and stability of Vip3
proteins, since their deletion, their replacement by nonconserva-
tive residues, or the addition of amino acids to the end of the
protein completely abolishes protein activity (59, 60) and in-
creases susceptibility to proteases (57, 58). A triple mutation at the
C terminus of Vip3Aal resulted in an unstable protein that was

completely hydrolyzed by the midgut juice of A. ipsilon larvae but
retained toxicity against Sf9 cells (57).

An analysis of Vip3 protein sequences using the NCBI CDD
database (61) which we conducted revealed the presence of a
carbohydrate-binding motif (CBM) (CBM_4_9 superfamily;
pfam02018) in all Vip3 proteins with the exception of Vip3Ba
(Fig. 8). The CBM spans from position 536 to a position near
amino acid 652, with a consistent E value of between 10 e *and
10 e~ "7, depending on the Vip3 protein being considered.
Analysis of Vip3 sequences also revealed positive hits with dif-
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FIG 6 Proposed mode of action of the binary Vip1/Vip2 toxin. The Vip1 protoxin is proteolytically processed by midgut proteases. The activated toxin binds to
specific receptors either as a monomeric form or after oligomerization. Vip2 then binds to the oligomeric Vip1 protein and enters the cell either by endocytosis
of the whole complex or directly through the pore formed by Vip1. Once inside the cytosol, Vip2 catalyzes the transfer of the ADP-ribose group from NAD to the

actin monomers, preventing their polymerization.
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* * * * * * * * * * * * *
Vip3Aal: ..MNKNNTKLSTRALPSFIDYFNGIYGFATGIKDIMNMIFKTDTG .GDLTLDEILKNOOLLNDISGKLDGVNGSLNDLIAQGNLNTELSKEILKIANEONQVLNDVNNKLDATINTMLRVYLPKITSMLSD
Vip3Ab1: .. MNMNNTKLNARALPSFIDYFNGIYGFATGIKDIMNMIFKTDTG .GNLTLDEILKNQQOLLNEISGKLDGVNGSLNDLIAQGNLNTELSKEILKIANEQNQVLNDVNNKLDAINTMLHIYLPKITSMLSD
Vip3Acl: . .MOKNN.KLSVKALPSFIDYFNGIYGFATGIKDIMNMIFKTNTG .GDLTLDEILKNOOLLNEISGKLDGVNGSLNDLLAQGNLDTELSKEILKIANEONKVLNDVNTKLDAINLMLNTYLPKITSMLSD
Vip3Ad2 ! . .MNMNNAKLNARALPSFIDYFNGIYGFATGIKDIMNMIFKTDTG.SNLTLDEILKNQQLLNEISGKLDGVNGSLNDLIAQGNLNTELAKQILKVANEQNQVLNDVNNKLDAINSMLKIYLPKITSMLSD
Vip3Ael: ..MNMNNTKLNARALPSFIDYFNGIYGFATGIKDIMNMIFKTDTG.GNLTLDEILKNQQLLNEISGKLDGVNGSLNDLIAQGNLNTELSKEILKIANEQNQVLNDVNNKLDAINTMLHIYLPKITSMLSD
Vip3Af1: .. MNMNNTKLNARALPSFIDYFNGIYGFATGIKDIMNMIFKTDTG .GNLTLDEILKNQQLLNEISGKLDGVNGSLNDLIAQGNLNTELSKEI LKIANEQNQVLNDVNNKLDAINTMLHIYLPKITSMLSD
Vip3Ag2: . .MNKNNTKLSARALPSFIDYFNGIYGFATGIKDIMNMIFKTDTG .GNLTLDEILKNQQLLNEISGKLDGVNGSLNDLIAQGNLNTELSKEILKIANEQNQVLNDVNNKLNAINTMLHIYLPKITSMLND
Vip3Ah1: . MNKNNTKLSTRALPSFIDYFNGIYGFATGIKDIMNMIFKTDTG .GDLTLDEILKNQOLLNEISGKLDGVNGSLNDLIAQGNLNTELSKEILKIANEQNQVLNDVNNKLDAINTMLHIYLPKITSMLSD
Vip3Ail: MNMNKNNTKLSARALPSFIDYENGIYGFATGIKDIMNMIFKTDTG .GDLTLDEILKNQOLLNDISGKLDGVNGSLNDLIAQGNLNTELSKEILKIANEQNQVLNDVNNKLDAINTMLHVYLPKITSMLSD
Vip3Aj1: .. MNKNNTKLNARALPSFIDYFNGIYGFAIGIKDIMNMIFKTDTG .SNLTLDEILKNQQLLNEISGKLDGVNGSLNDLIAQGNLNTELAKQILKVANEQNQVLNDVNNKLDT INSMLKIYLPKITSMLSD
Vip3Bal: ..MNMNNTKLNARALPSFIDYFNGIYGFATGIKDIMNMIFKTDTGGGNLTLDEILKNODLLNQISDKLDGINGDLGDLIAQGNLNSELTKELLKIANEONLMLNNVNAQLNS INATLNT YLPKITSMLNE
Vip3Bb2: ....MNNTKLNARALPSFIDYFNGIYGFATGIKDIMNMIFKTDTGGGNLTLDEILKNQDLLNOISDKLDGINGDLGDLIAQGNLNSELTKELLKIANEONLMLNNVNAQLNSINSTLNTYLPKITSMLSE
Vip3Cal: ..MNKNNTKLNARALPSFIDYFNGIYGFATGIKDIMNMIFKTDTG .GDLTLDEILKNQQOLLNEISGKLDGVNGSLNDLIAQGNLNTELSKEILKIANEQNQVLNDVNNKLDAINTMLNIYLPKITSMLSD

Vip3Aal: VMKQNYALSLQIEYLSKQLOEISDKLDIINVNVLINSTLTEITPAYQRIKYVNEKFEELTFATETSSKVKK- -
Vip3Ab1: VMKQNYALSLQVEYLSKQLKEISDKLDVINVNVLINSTLTEITPAYQRIKYVNEKFEELTFATETTLKVKK- -
Vip3Acl: VMKONYALGLQIEYLSKQLKEISDKLDVINVNVLINSTLTEITPAYQRIKYVNEKFEALTSATETNLKTKQ- -
Vip3Ad2: VMKQNYVLSLQIEYLSKQLOEISDKLDIINVNVLINSTLTEITPAYQRMKYVNEKFEELTFATETTLKVKK- -
Vip3Ael: VMKONYALSLQIEYLSKQLOEISDKLDIINVNVLINSTLTEITPAYQRIKYVNEKFEELTFATETTLKVKE- -
Vip3Af1: VMKQNYALSLOIEYLSKQLQEISDKLDIINVNVLINSTLTEITPAYQORIKYVNEKFEELTFATETTLKVKK- -
Vip3Ag2: VMKONYALSLQIEYLSKQLQEISDKLDVINVNVLINSTLTEITPAYORMKYVNEKFEDLTFATETTLKVKK- -
Vip3Ah1: VMKONYALSLQIEYLSKQLOEISDKLDIINVNVLINSTLTEITPAYORIKYVNEKFEELTFATETNLKVKK- - - - -DGSPADILDELTELTELAKSVIKNDVDGFEFYLNTFHDVMVGNNLEGRSALKTA
Vip3Ail: VMKPNYALSMQIEYLSRQLOEISDKLDIINVNVLINSTLTEITPAYQWIKYVNEKFEELTFATETTLKVKN- - - - -DSASADILDELTELTELAKSVIKNDVDGFEFYLNTFHDVMVGNNLEGRSTLKTA |:
Vip3Aj1: VMKONYVLSLQIEYLSKQLOEISDKLDIINVNVLINSTLTEITPAYORMKYVNEKFEELTFATETTLKVKK- - - - - DSPPADILDELTELTELAKSVIKNDVDGFEFYLNTFHDVMVGNNLFGRSALKTA ||:
Vip3Bal: VMKONYVLSLOIEFLSKQLOEISDKLDIINLNVLINSTLTEITPAYORIKYVNDKFDELTSTVEKNPKINQ- - --- DNFTEDVIDNLTDLTELARSVIRNDMDSFEFY I KTFHDVMIGNNLESRSALKTA |:
Vip3Bb2: VMKONYVLSLQIEFLSEQLOEISDKLDVINLNVLINSTLTEITPAYQRIKYVNDKFDELTSTVEKNPKINQ- - - - - DNFTEDVIDNLTDLTELARSVIRNDMDSFEFY I KTFHDVM I GNNLESRSALKTA
Vip3Cal: VMKONYALSLQIEYLSROLOEISDKLDVINLNVLINSTLTEITRSYORIKYVNEKFDKLTFATESTLRAKQGIFNEDSFDNNTLENLTDLAELAKS ITKNDVDSFEFYLHTFHDVL IGNNLEGRSALKTA |:

DGSPADILDELTELTELAKSVTKNDVDGFEFYLNTFHDVMVGNNLFGRSALKTA §:
DSSPADILDELTELTELAKSVTKNDVDGFEFYLNTFHDVMVGNNLFGRSALKTA
DSSHTDILDELTELTELAKSVTKNDVDGFEFYLNTFHDVMIGNNLFGRSALKTA
DSPPADILDELTELTELAKSVTKNDVDGFEFYLNTFHDVMVGNNLFGRSALKTA
DGSPADILDELTELTELAKSVTKNEVDGFEFYLNTFHDVMVGNNLFGRSALKTA
DSSPADILDELTELTELAKSVTKNDVDGFEFYLNTFHDVMVGNNLFGRSALKTA
NSSPADILDELTELTELAKSVTKNDVDGFEFYLNTFHDVMVGNNLFGRSALKTA

* * * * * * * * * * * * *
Vip3Aa1 : | SELI TKENVKTSGSEVGNVYNFLIVLTALQAQAFLTLTTCRKLLGLADIDYTS IMNEHLNKEKEEFRVNILPTLSNTFSNPNYAKVKGSD - EDAKMIVEAKPGHAL IGFE I SNDS I TVLKVYEAKLKONY [
Vip3Ab1 | SELIAKENVKTSGSEVGNVYNFLIVLTALQAKAFLTLTTCRKLLGLADIDYTSIMNEHLNKEKEEFRVNILPTLSNTFSNPNYAKVKGSD - EDAKMIVEAKPGHALVGFE I SNDSMTVLKVYEAKLKQNY
Vip3Ac1 : | SELIAKENLKTSGSEVGNVYNFLIVLTALQAKAFLTLTTCRKLLGLADIDYTPIMNEHLNKEKEEFRVNILPTLSNTFSNPNYEKARGSD - KDAKI IMEAKPGYALVGFEISKDS IAVLKVYQAKLKHNY
Vip3Ad2 : | SELIAKENVKTSGSEVGNVYNFLIVLTALQAKAFLTLTTCRKLLGLADIDYTSIMNEHLNKEKEEFRVNILPTLSNTFSNPNYAKAKGSN - EDTKMIVEAKPGYVLVGFEMSNDS I TVLKAYQAKLKKDY
Vip3Ael : | SELIAKENVKTSGSEVGNVYNFLIVLTALQAKAFLTLTTCRKLLGLADIDYTS IMNEHLNKEKEEFRVNILPTLSNTFSNPNYVKAKGSD - RDAKMIVEAKPGYALVGFEMSNDSMTVLKAYQAKLKQDY
Vip3Af1 : | SELIAKENVKTSGSEVGNVYNFLIVLTALQAKAFLTLTTCRKLLGLADIDYTS IMNEHLNKEKEEFRVNILPTLSNTFSNPNYAKVKGSD - EDAKMIVEAKPGHALVGFEMSNDS I TVLKVYEAKLKONY
Vip3Ag2: | SELIAKENVKTSGSEVGNVYNFLIVLTALQAKAFLTLTTCRKLLGLADIDYTF IMNEHLDKEKEEFRVNILPTLSNT FSNPNYAKAKGSN - EDAKI IVEAKPGYALVGFEMSNDS I TVLKAYQAKLKRDY
Vip3Ah1 : | SELITKENVKTSGSEVGNVYNFLIVLTALQAKAFLTLTTCRKLLGLADIDYTS IMNEHLNKEKEEFRVNILPTLSNTFSNPNY IKTKGSD - EDAEVI IQAEPGHALVGFEMINDPSPALKVYQAKLKPNY
Vip3Ai1 : | SELIAKENVKTSGSEVGNVYNFLVVLTALQAKAFLTLTTCRKLLGLADIDYTSIMNEHLNKEKEEFRVNILP I LSNTFSNPNYAKVKGSD - EDAKMIVEAKPGHALVGFE I SNDSMTVLKVYEAKLKONY
Vip3Aj1 : | SELIAKENVKTSGSEVGNVYNFLIVLTALOQAKAFLTLTTCRKLLGLADIDYTSIMNEHLNKEKEEFRVNILPTLSNTFSNPNYAKAKGSN - EDTKMIVEAKPGYVLVGFEMSNDS I TVLKAYQAKLKKDY
Vip3Bal : | SELIAKENIHTRGSE IGNVYTEMIVLTSLOAKAFLTLTTCRKLLGLADIDYTQIMNENLDREKEEFRLNILPTLSNDFSNPNYTETLGSDLVDPIVTLEAEPGYALIGFE I LNDPLPVLKVYQAKLKPNY
\/ip3Bb2 : | SELIAKENIHTMGSEIGNVYTEMVVLT SLOAKAFLTLTACRKLLGLTDIDYTQIMNENLNREKEEFRLNILPTLSNDFSNPNYTETLGSDLVDPIVTLEADPGYALIGFEILNDPLPVLKVYQAKLKPNY
Vip3Cal: | SELITKDEIKTSGSEIGKVYSFLIVLTSLOAKAFLTLTTCRKLLGLSDIDYTS IMNEHLNNEKNEFRDNILPALSNKESNPSYAKTIGSD - NYAKVILESEPGYALVGFEI INDP I PVLKAYKAKLKONY

* * * * * * * * * * * * *
Vip3Aa1 : | QVDKDSLSEVIY¥GDMDKLLEPDQSEQIYY TNNIVEPNEYVITKIDETKKMKTERYEVTANFYDSSTGEIDLNKKKVES - - - - - - === == - - - === -~ SEAEYRTLSANDD-GVYMPLGVISETFLTPIN ||:
Vip3Ab1 : | OVDKDSLSEVIYSDMDKLLCPDOSEQIYYTNNIVEPNEYVITKIDETKKMKTLRYEVTANSYDSSTGEIDLNKKKVES - - SEAEYRTLSANND - GVY¥MPLGVISETFLTPIN
Vip3Ac1 : | OIDKDSLSEIVYGDIDKLLCPDOSEQMYYTNKIAFPNEYVITKIAFTKKLNSLRYEVTANFYDSSTGDIDLNKKKIES - SEAEFSMLNANND-GVYMPIGTISETFLTPIN
Vip3Ad2: | QIDKDSLSEI I¥SDTDKLLCPDOSEQIYYTKNIAFPNEYVITKIAFTKKMNSLRYEATANFYDSSTGDIDLNKTKVES - SEAEYSMLKASDD - EVYMPLGLISETFLNPIN
Vip3Ae1 : | QOVDKDSLSE I VYGDMNKLLCPDOSEQIYYTNNIAFPREYVITKLTETKKMNS LRYEATANFYDS STGDMDLNKTKVES - - SEAEYSRLSASND-GVYMPLGLISETFLTPIN
Vip3Af1 : | QVDKDSLSEVIYGDTDKLFCPDQSEQIYYTNNIVEPNEYVITKIDFTKKMKTLRYEVTANFYDSSTGEIDLNKKKVES - - SEAEYRTLSANDD-GVYMPLGVISETFLTPIN
Vip3Ag2 : | OVDKDSLSEIVYGDMDKLLCPDQSEQIYYTNNIAFPNEYVITKITETKKMNSLRYEATANFYDSSTGDIDLNKTKVES - SEAEYSTLSASTD-GVYTPLGIISETFLTPIN
Vip3Ah1 : | OVDKQSLSETVYGDMDK I LCPDKSQQMYYLHNITFPNEYVITEI IFTKKKNSLRYEV IANYYEFSSGDIDLNKKLVKS - SEAEYSTLSVSND-AIYMPLGVISETFLTPIK
Vip3Ai1 : | QVDKDSLSEVIYGDMDKLLCPDOSEKIYYTNNIVEPNEYVITKIDETKKMKTLRYEVTANSYDSSTGEIDLNKKKVES - - SKAEYRTLSANND - GVYMPLGVISETFLTPIN
Vip3Aj1: | OIDKDSLSEIIYSDTDKLLCPDOSEQIYYTKNIAFPNEYVITKIAFTKKMNS LRYEATANFYDSSTGDIDLNKTKVES - - - - - - - == - === - - - -~ SEAEYSMLKASDD - EVYMPLGLISETFLNPIN
Vip3Bal : | QVDKES IMENIYGNIHKLLCPKQREQKYY I KDMTFPEGYVITKIVFEKKLNLLGYEVTANLYDPFTGS IDLNKT I LESWKEDCCEEDCCEEDCCEEDCCEELYKI IEADTN -GVYMPLGVISETFLTPIY
Vip3Bb2 : | QOVDKES IMENIYGN IHKLLCPKQRQOKYY IKDITFPEGYVITKIVFEKKLNLLGYEVTANLYDPFTGS IDLNKT I LESWKEECCEEECCEEECCEEECCEELYKI IEADTN - GVYMPLGVISETFLTPIY
Vip3Cal : | QVDNQSLSEI VYLD IDKLFCPENSEQKYYTKNLTEPDGYVITKITEEKKLNNLIYEATANFYDPSTGDIDLNKKQVEST - - - - = === == === === == FPQTDYITMDIGDDDGIYMPLGVISETELTPIN |:

* * * * * * * * * * * * *
Vip3Aa1 : | GFGLQADENSRLITLTCKSYLRELLLATDLSNKETKLIVPPSGFISNIVENGSIEEDNLEPWKANNKNAYVDHTGGVNGTKALYVHKDGG I SQF IGDKLKPKTEYVIQY TVKGKPSIHLKDENTGY IHYE
Vip3Ab1 : | GFGLQADENSRLITLTCKSYLRELLLATDLSNKETKLIVPPISFISNIVENGNLEGENLEPW I ANNKNAYVDHTGGINGTKVLYVHKDGEFSQFVGGKLKSKTEYVIQY IVKGKAS I YLKDKKNENSIYE
Vip3Ac1 : | GFGLVVDENSRLVTLTCKSYLRETLLATDLSNKETKLIVPPNGF ISNIVENGNLEGENLEPWKANNKNAYVDHTGGVNGTKVLYVHEDGEFSQF IGDKLKLKTEYVIQY IVKGKAATYLKDEKNGDYIYE
Vip3Ad2: | GFRLAVDENSRLVTLTCRSYLRETLLATDLNNKETKLIVPPNVEISNIVENGNIEMDTLEPWKANNENANVDY SGGVNGTRALYVHKDGEFSHE IGDKLKSKTEYLIRY IVKGKAS I FLKDEKNENYIYE
Vip3Ael : | GEGLVVDENSRLVTLTCKSYLREILLATDLSNKETKLIVPPNGFISNIVENGNLEGENLEPWKANNKNAY IDHTGGVKGTKVLYVHKDGEFSQF IGYKLKSKTEYVIQY IVKGKAVIYLKDEKNGDY IYE
Vip3Af1 | GEGLQADENSRLITLTCKSYLRELLLATDLSNKETKLIVPPSGFISNIVENGSIEEDNLEPWKANNKNAYVDHTGGVNGTKALYVHKDGGFSQF IGDKLKPKTEYVIQYTVKGKPSITHLKDENTGY IHYE
Vip3Ag2 : | GFGIVVDENSKLVNLTCKSYLREVLLATDLSNKETKLIVPPIGFISNIVENGNLEGENLEPWKANNKNAYVDHTGGVNGTKALYVHKDGEFSQF IGDKLKSKTEYVIQY I VKGKAS ILLKDEKNGDCIYE
Vip3Ah1 : | GEGLTVDESSRLVTLTCKSYLREILLATDLSNKATKLIVPPNGFISNLVENGDIEADN I EPWKGNNKNAYVDHTGGVNGTKALYTQDDGEFSQF IGDKLKSKTEY I IQYTVKGNTSIYLKDKKNENVIYE

Vip3Ail : | GFGLQADENSRL ITLTCKSYLRELLLATDLSNKETKLIVPPNSFISNIVENGS IEEGHLEPWKANNKNAYVDHTGGVNGTKALYVHEDGGVSQFMGDKLKPKTEYVIQYTVKGKPS IHLKDENTGY ILYE

Vip3Aj1 : | GFRLAVDENSRLVTLTCRSYLRETLLATDLNNKETKLIVPPNVEISNIVENGNIEMDTLEPWKANNENANVDYSGGVNGTRALYVHKDGEFSHE IGDKLKSKTEYLIRY IVKGKASIFLKDEKNENY IYE
Vip3Bal : | SFKLIIDEKTKKISLAGKSYLRESLLATDLVNKETNLIPSPNGFISSIVONWHITSDNIEPWKANNKNAYVDKTDAMVGFSSLY THKDGEFLQF IGAKLKAKTEY I IQY TVKGNPEVYLKNNKD - - ICYE
Vip3Bb2 : | SEKLIIDERTKRISLAGKSYLRESLLATDLVNKDTNLIPSPNGFISSIVENWNITSDNIEPWKANNKNAYVDKTDDMVGFNSLY THKDGEFLQF IGAKLKAKTEY I IQY TVKGS PEVYLKNNKG - - IFYE
Vip3Cal: | SEGLEVDAKSKTLTLKCKSYLREYLLESDLKNKETGLIAPPNVEISNVVKNWDIEEDSLEPWVANNKNAYVDNTGGI ERSKALFTQGDGEFSQF IGDKLKPNTDY I IQY TVKGKPAIYLKNKSTGY ITYE

* * * * * * * * * * * * *
Vip3Aal : | DTNNNLEDYQT INKRETTGTDLKGVYLILKSQNGDEAWGDNF IILEI SPSEKLLSPELINTNNWTSTGS - TNISGNTLTLYQGGRGILKONLQLDSFSTYRVYES - - VSGDANVRIRNSR - EVLFEKR - Y
le3Ab1 ] EINNDLEGFQTVTKREITGTDSSGIHLIFTSQNGEGAFGGNFIISEIRTSEELLSPELIMSDAWVGSQG-TWISGNSLTINSNVNGTFRONLPLESYSTYSMNET - - VNGFGKVTVRNSR - EVLFEKSYP
Vip3Ac1 : | ETNNELEDFQAVTKRE I TGTDSSRVHLIFTSQONGEEAFGGNEFIISEIRPSEELLSPELIKSDANVGSQG - TWISGNSLNINSNVNGTFRONLSLESYSTYSMNEN - - INGFGKVTIRNSR - EVVFERSYL
Vip3Ad2: | DENNNLEDYQTITKRETTGTDSTGVYLIFNSQNGDEAWGDNFIILEISPCEKLLSPELIKTDKWNSTGS - TY ISDDRLTLYRGGRGILKONLQLDGFSTYRVNES - - VDGDANVR IRNSR - EVLLEKRY -
Vip3Ael : | EINNELEDFQTVTKRE I TGTDSSGVHLIFTSQNGEEAFGGNFIISEIRPSEELLSPELIKSDAWVGTQG - AWNSGNSLT I YTNTNGTFRONLPLESYSTYSMNEN - - ITGFGKVT IRNSR - EVLFEKNFS

\/ip3Af1 | DTNNNLKDYQTITKRETTGTDLKGVYLILKSQNGDEAWGDKETILEIKPAEDLLSPELINPNSWITTPG-ASISGNKLFINLGTNGTFRQSLSLNSYSTYSISET - -ASGPFNVTVRNSR - EVLFERSNL
Vip3Ag2 : | DTNNGLEDFQTITKSFITGTDSSGVHLIFNSQNGDEAFGENEFTISEIRLSEDLLSPELINSDANVGSQG - TWISGNSLT INSNVNGTFRONLSLESYSTYSMNEN - - UNGFAKVTVRNPR - EVLFEKNYP
Vip3Ah1 | DKNNNLEAFQTITKRETTELDSSDVYLVFKCKNGYKAWGDNFLITEIRPKE - VVSPELIKVENWIGMGGSNHVNPDSLLLFTGGRSILKONLQLDSYSTYRVRFSLMVIGKAKVIIRNSS -EVLFEKSYV §:

Vip3Ai1 : | DTNNDLEDFQTITKRETTGTDLMRVYLILKSQSGHEAWGDNEFTILEIKPAEALVSPELINPNSWITTQG-ASISGDKLF ISLGTNGTFRONLSLNSYSTYSISET - - ASGPFNVTVRNSR - EVLYERNNL

Vip3Aj‘I | DTNNNLEDYQTITKRETTGTDSTGVYLIFNSQNGDEAFGENETISEIRLSEDLLSPELINSDAWVGSQG-TWISGNSLTINSNVNGTFRONLSLESYSTYSMNEN - - VNGFAKVTVRNSR - EVLFEKNYP
Vip3Bal : | DKTNNFDTFQT I TKKENSGVDPSEIYLVFKNQIGYEAWGNNFIILEIKSLETL- - POILKPENWIPLGN - AEIKED- GKIEI SGNGSMNQY IQLEQNSKYHLRES - - VKGKGRVTMQAQT -
Vip3Bb2 : | DTTNKFDTFQTITKKENSGVDPSEIYLVFKNQIGYEAWGNKFIILEIKSFETL- - POILKPENWMPFGN - AEIKED - GKIEI SGNGTMTONIQLEQNSKYHLRES - - VKGKGRVAIQTQS - - H
Vip3Cal: | DTNGNSEEFQT IAVKETSETDLSQTHLVFKSQNGYEAWGDNE I ILEAKLFET PESPELIKFNDWERFGT - TY ITGNELR IDHSRGGYFRQSLNIDSYSTYDLSES - FSGLWAKV IVKNSRGVVLFEKVKN |:

* * * * *
Vip3Aa1 : | MSGA- - - KDVSEMFTTKFEKDNFY IELSQGNNLYGGPIVHEYDVSIK- - - -
Vip3Ab1: KDISEKFTTAANNTGLYVELSRST- - SGGAIN-FRDFSIK-
Vip3Acl : KYISEKFTTTTNNTGLYVELSRAS- - SRGVIN-EGDFSIK-
Vip3Ad2: | - LNR- - - KGVSEMFTTKFDKDNFYVELSQGD- -NLGTIVHEYDFSIK- - - -
Vip3Ael : | QLSP- - -KDYSEKFTTAANNTGFYVELSRGT - -QGGNIT - FRDFSIK- - - -
Vip3Af1: SHISGTFKTESNNTGLYVELSRRS - -GGGGHISFENVSIK-
Vip3Ag2: | QLSP- - - KDISEKFTTAANNTGLYVELSRFT - - SGGAIN - FRDFSIK-
Vip3Ah1 : | NDSEGVLEGVSETFTTKS IQDNFYVELSNEGTFGSKDVAYEYNFSIK- - - -

Vip3Ai1 : I MSST- - - SHISGEFKTESNNTGLYVELSRRS - -GGAGHISFENISIK- - - -

Vip3Aj1: KDIFEKFTTAANNTGLYVELSRFT--SGGAIT-FRDFSIK----
Vip3Ba1: EEVSIMIETTRLYGEGIISLLNDE- -VENSGVIFSDVSIVKE- -
Vip3Bb2: EEVSTMITTRNLYGEGMIYLFNDD- - VENSKVIEFSDVSLVKE- -

01
Vip3Cal: | NGSS- - YEDISESFTTASNKDGFFIELTAER - -TSSTFHSERDISIKEKIE :803

FIG 7 Multiple-sequence alignment of the Vip3A proteins. Sequence identity is indicated by shading, where violet is 100% sequence identity, pale blue is 80 to
100%, yellow is 60 to 80%, and white is <60%. SP, signal peptide (50); “T,” 65-kDa fragment after proteolysis; “PPS1” and “PPS2,” first and second processing
sites, respectively (50). Intervals of 10 amino acids are marked with “*.” The protein sequences used in this analysis are as follows: Vip3Aal (GenBank accession
number AAC37036), Vip3Abl (accession number AAR40284), Vip3Acl (named PS49C; Seq. ID no. 7 in Narva and Merlo, U.S. patent application
20,040,128,716), Vip3Ad2 (accession number CAI43276), Vip3Ael (accession number CAI43277), Vip3Af1 (accession number CAI43275), Vip3Ag2 (accession
number ACL97352), Vip3Ahl (accession number ABH10614), Vip3Ail (accession number KC156693), Vip3Ajl (accession number KF826717), Vip3Bal
(accession number AAV70653), Vip3Bb2 (accession number ABO30520), and Vip3Cal (accession number ADZ46178).
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N-terminal C-terminal
. 1 250 500 750
Protelnsequence | \ | | | | | | , | | | | | | | \ | | | | , , | | | | | | \ | |
Vip3A_ N CBM (4,9)
Superfamily Position CDD Accession E-value | Superfamily | Position E-value |
([ Vip3Aa v 12-188  pfam12495 9.56E-107 v 536-652 6.24E-16
Vip3Ab v 12-188  pfam12495 2.33E-106 v 536-652 2.71E-07
Vip3Ac v 11-187  pfam12495 4.78E-100 v 535-651 9.31E-08
Vip3Ad v 12-188  pfam12495 1.78E-105 v 536-652 1.38E-11
Vip3Ae v 12-188  pfam12495 3.55E-108 v 536-652 1.16E-06
Protein Vip3Af v 12-188  pfam12495 2.94E-108 v 536-652 2.74E-16
family hits | |_ViP3Ag v 12-188  pfam12495 7.01E-107 v 536-652 1.70E-08
Vip3Ah v 12-188  pfam12495 3.40E-107 v 536-649 9.83E-11
Vip3Ai v 14-190  pfam12495 6.72E-105 v 538-655 1.68E-13
Vip3Aj v 12-188  pfam12495 1.49E-103 v 536-652 2.97E-11
Vip3Ba v 12-189  pfam12495  3.16E-98 ()
Vip3Bb v 10-187  pfam12495  1.54E-97 v 556-667 6.82E-03
L | Vip3Ca v 12-188  pfam12495 3.40E-105 v 544-660 3.76E-09
[ Position CDD Accession E-value |
([ Vip3Aa [ ApbA | 58-177  COG1893  2.98E-03
Vip3Ab
Vip3Ac ( TIGR03545 ) 43-226  TOGR03545  3.55E-03
Vip3Ad ( Tar 31-155 COG0840  4.87E-03
Vip3Ae \ Tar 31-155 COG0840  8.78E-03
Multi- Vip3Af 31-155  COG0840  6.22E-03
domain < | Vip3Ag COG1511 | 21-281 COG1511  4.41E-03
hits Vip3Ah ( Tar | 31-155 COG0840  9.86E-03
Vip3Ai
Vip3Aj
Vip3Ba
Vip3Bb | | COG1511 } 1-224  COG1511  2.06E-04
L | Vip3Ca | Tar | 31-155 COG0840  7.76E-03

FIG 8 Conserved Domain Database (CDD) analysis of representative Vip3 proteins. The same sequences as those shown in Fig. 4 were used. CBM, carbohydrate-
binding motif; ApbA, ketopantoate reductase motif; Tar, methyl-accepting chemotaxis protein motif; COG1511, motif of a predicted protein membrane of
unknown function. TIGR03545 represents a relatively rare but broadly distributed uncharacterized family of proteins, distributed in 1 to 2% of bacterial

genomes.

ferent multidomains in the N-terminal region, with lower E
values of ~10 e~ * and with differences depending on the Vip3
protein being considered. We did not detect any hydrophobic
region susceptible to forming a transmembrane domain other
than the short succession of hydrophobic amino acids in the
signal peptide (15, 55).

Comparison of the Vip3Aal sequence with those of the Vip3B-
and Vip3C-type proteins reveals differences distributed through-
out the length of the protein (Fig. 7). Nevertheless, maximum
divergence was found at the C terminus, as occurs among Vip3A
family proteins. The N termini of the putative signal sequences of
Vip3B and Vip3C are almost identical to those of all Vip3A pro-
teins. The proteolytic processing sites are less conserved among
the three Vip3 proteins, but major differences in the middle of the
protein sequence are found: an insertion of 5 amino acids down-
stream of the first processing site for Vip3Cal and an insertion of
17 amino acids downstream of the second processing site for
Vip3Bal are responsible for the change in the expected size of the
toxin “active form” from 66 kDa to 69 kDa. The inserted Vip3B
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sequence consists of three repetitions of the pattern DCCEE,
which is characterized by its high content of negatively charged
amino acids (D and E) and cysteine residues. Of a total of 11
cysteine residues found in Vip3B proteins, 8 (78%) are located in
this inserted sequence (50, 62). Whether the insertion of this re-
petitive pattern contributes to the limited insecticidal activity of
the Vip3B proteins is not known.

The conformational three-dimensional (3D) structure of Vip3
proteins has not yet been elucidated. Secondary structure predic-
tion suggests that the N terminus is composed mainly of a-helix
structures, whereas the essential components of the C terminus
are B-helix structures and coils, which would be consistent with its
proposed role in insect specificity (50, 53). The fact that Vip3
proteins do not show homology to any protein outside their group
prevents in silico modeling based on structure homology. Only a
partial tertiary structure of the Vip3 protein corresponding to the
last 200 amino acids has been modeled by homology to domain II
of the Cry proteins (53).
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Insecticidal Activity

Most of the information on the insecticidal activity of Vip3 pro-
teins has been obtained with the most abundant variants of the
Vip3Aa subfamily, and there are very few data on the toxicity of
Vip3B, Vip3C, and other Vip3A proteins outside the Vip3Aa sub-
family.

Insecticidal spectrum of Vip3 proteins. Vip3A proteins are
toxic to a large number of lepidopteran species. It is worth men-
tioning that Vip3A proteins are very active against insect species of
the genus Agrotis, which are known to be tolerant to Cry proteins,
and also against species of the genus Spodoptera, which display low
susceptibility to Cry proteins (63). In this regard, it has been
shown that deletion of the vip3A gene from the B. thuringiensis
HD1 strain significantly decreased this strain’s toxicity to A. ipsi-
lonand S. exigua (64). On the other hand, other species susceptible
to Cry proteins, such as Ostrinia nubilalis (Lepidoptera: Crambi-
dae), Culex quinquefasciatus (Diptera: Culicidae), and Chirono-
mus tepperi (Diptera: Chironomidae), are marginally or not sus-
ceptible to any Vip3A protein tested (15, 55, 65, 66). With Vip3
proteins, depending on the Vip3 protein and the insect species
being considered, it is not uncommon to find that while mor-
tality is reached with a high concentration of Vip3 protein,
strong growth inhibition (or even complete growth arrest) is
observed with lower concentrations (16, 62, 67—69). Therefore,
“functional mortality” (dead insects plus those remaining at
larval instar L1) better represents the effectiveness of the Vip3
protein in these cases (16, 70, 71).

Table 2 summarizes the results that have been reported on
the insecticidal activity of proteins of the Vip3Aa subfamily.
Only the values for the protoxin form are given, since there are
no reports indicating relevant differences in the insecticidal
activities of the protoxin and the activated forms (16), with the
exceptions of the activities of Vip3Aal6 against S. exigua and
Vip3Afl against Spodoptera frugiperda (Lepidoptera: Noctuidae)
(71, 72). Despite the very small differences among Vip3Aa se-
quences, some proteins may exhibit significant differences in
toxicity to the same insect species (16, 59, 73). For example,
among all Vip3Aa proteins tested, only Vip3Aal and Vip3Aal4
have been described to have low or no activity against H. armig-
era (Table 2). Nonetheless, considering that most of the data in
Table 2 were obtained in different laboratories, insecticidal dif-
ferences are likely to come from factors other than slight dif-
ferences in protein sequence, such as the protocol used for
protein preparation, purity of the sample, method of quantifi-
cation, bioassay conditions, or variability among insect popu-
lations. Independent laboratories have observed a decrease in
the toxicity of some Vip3A proteins after purification with
metal chelate chromatography (47, 72). The effect of the
method of purification on toxicity depends on both the type of
protein and the insect species tested. The duration of the bio-
assay can also drastically affect the final outcome for some
proteins, as has been shown for Vip3Aal6 with S. exigua and S.
frugiperda, for which the 50% lethal concentrations (LCs,s) de-
creased by a factor of 10 when mortality was scored at 10 days
instead of 7 days (71). Ali and Luttrell (70) found that the
insecticidal responses of Helicoverpa zea and Heliothis virescens
(Lepidoptera: Noctuidae) to Vip3Aa varied greatly among dif-
ferent batches of the same protein as well as with the buffer
used.
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Vegetative Insecticidal Proteins

Table 3 summarizes the bioassay data on Vip3A proteins other
than those of the Vip3Aa subfamily, and Table 4 summarizes the
bioassay data on Vip3 proteins other than those of the Vip3A
family.

Interactions with other insecticidal proteins. Synergism has
been observed between the Vip3Aa and Cyt2Aa proteins against
Chilo suppressalis (Lepidoptera: Crambidae) and S. exigua after
their coexpression in Escherichia coli; contrarily, this protein com-
bination was slightly antagonistic against C. quinquefasciatus (66).
Bergamasco et al. (74) reported synergism between Vip3A and
Crylla in three Spodoptera species (S. frugiperda, S. albula, and S.
cosmioides [Lepidoptera: Noctuidae]) but slight antagonism in
Spodoptera eridania (Lepidoptera: Noctuidae). Antagonism be-
tween the Vip3A and CrylA or CrylCa proteins in H. virescens was
described (75): antagonism was found for the combination of
CrylCa and Vip3Aa, Vip3Ae, or Vip3Af and for the combination
of Vip3Af and either CrylAa or CrylAc. In that same study,
Vip3Aaand CrylCa showed antagonism in S. frugiperda, whereas
the same combination was synergistic in Diatraea saccharalis
(Lepidoptera: Crambidae).

The mechanisms underlying synergism and antagonism are
unknown. For the antagonism between the Vip3A and Cry1C pro-
teins, Lemes et al. (75) hypothesized that a physical interaction of
the two proteins impairs the access of the binding epitopes to the
membrane receptor. Hetero-oligomer formation with an in-
creased ability for membrane insertion or pore formation was
proposed to explain the synergism between CrylAc and CrylAa
(76). However, this possibility for the Vip3 and Cryl proteins
seems very unlikely because of their lack of homology.

Genetically engineered vip3A genes. Genetic engineering al-
lows the construction of chimeric genes that code for parts of
different proteins to obtain new proteins with novel or improved
properties. Knowledge of the domains of a protein is of great ad-
vantage in the design of chimeric proteins. Despite the lack of
information on the tertiary structure of Vip3A proteins, two chi-
meras have been created by sequence swapping between the
vip3Aa and vip3Ac genes with the aim of increasing host specificity
(77). These chimeras were created by combining ~600 amino
acids from the N terminus of one protein and ~180 amino acids of
the C terminus of the other (Table 5). The two chimeric proteins
exhibited new toxicity properties: Vip3AcAa (with the N terminus
of Vip3Ac) was more toxic to all the insects tested than the two
original proteins, and it even caused growth inhibition of Vip3A-
tolerant O. nubilalis. In contrast, Vip3AaAc was less toxic than its
counterpart and the original proteins, and it even completely lost
activity against Bombyx mori (Lepidoptera: Bombycidae) (77)
(Table 5). Li et al. (58) achieved an 18-fold increase in toxicity
against S. exigua by changing the last two amino acids of the chi-
meric Vip3AcAa protein (from IK to LR).

Similar attempts have been conducted by combining the vip
and cry genes. Fusion of the vip3Aa gene with crylA rendered a
fusion protein that retained the toxicity of CrylAc but partially
lost that of Vip3Aa, possibly due to incorrect Vip3A folding (78).
In another study, the vip3Aa gene was fused with the 5’ region of
cry9Ca, and the resultant chimeric protein was more toxic than
the individual proteins and the mixture of them, probably because
Vip3Aa increased the solubility of the Cry9Ca protein (79). In an
attempt to improve the Vip3Aa yield, a mutant vip3Aa gene (with
the signal peptide deleted) was fused with the promoter and the
3'-terminal half of cry1C, with the result of a 9-fold increase in the

mmbr.asm.org 339


http://mmbr.asm.org

Chakroun et al.

TABLE 2 Spectrum of activity and toxicity of the Vip3Aa subfamily proteins

LCs
Protein Insect species Larval instar® Assay type (ng/cm?)* Scoring time (days) Reference(s)
Vip3Aa A. ipsilon 2nd-3rd Diet incorporation <200.0 2 65
O. nubilalis 2nd-3rd Diet incorporation NA 2 65
S. frugiperda 2nd-3rd Diet incorporation <200.0 2 65
H. armigera Neonate Surface contamination 155 7 123
Helicoverpa punctigera Neonate Surface contamination 22 7 123
H. virescens Neonate Diet incorporation NI 7 123
H. zea Neonate Diet incorporation NI 7 123
A. ipsilon 1st Surface contamination 17.1 5 87
Danaus plexippus Ist Surface contamination NA 5 87
H. zea Ist Surface contamination 112.5 5 87
M. sexta st Surface contamination 176.3 5 87
O. nubilalis Ist Surface contamination NA 5 87
S. frugiperda Ist Surface contamination 55.9 5 87
H. armigera Neonate Diet incorporation 89 5 60, 118
A. ipsilon Neonate Diet incorporation 63 5 60, 118
S. littoralis Neonate Diet incorporation 36 5 60, 118
S. incertulas Neonate Diet incorporation 60 5 60
Vip3Aal A. ipsilon Neonate Diet incorporation <28 6 15
H. virescens Neonate Diet incorporation <420 6 15
H. zea Neonate Diet incorporation =420 6 15
O. nubilalis Neonate Diet incorporation >420 6 15
S. exigua Neonate Diet incorporation <28 6 15
S. frugiperda Neonate Diet incorporation <70 6 15
B. mori Neonate Surface contamination 1,986 7 77
H. zea Neonate Surface contamination 27.7 7 77
S. frugiperda Neonate Surface contamination 6.9 7 77
S. frugiperda Neonate Surface contamination 49.3 7 95
A. ipsilon Neonate Surface contamination 14 7 72
S. frugiperda Neonate Surface contamination 620 7 72
H. armigera Neonate Surface contamination 1,660 7 16
Lobesia botrana Neonate Diet incorporation 1.3 pg/ml 7 16
Mamestra brassicae Neonate Surface contamination 14.4 7 16
S. littoralis Neonate Surface contamination 4.0 7 16
Vip3Aa7 H. armigera Neonate Leaf dip 35.6 ng/ml 3 80
P. xylostella 3rd Diet incorporation 28.9 ng/ml 3 80
S. exigua Neonate Diet incorporation 46.1 ng/ml 7 80
P xylostella 3rd Leaf dip 4.9 3 54,79
Vip3Aa9 A. ipsilon 1st Leaf dip 2,165 1 59
C. partellus Ist Leaf dip 8 1 59
Phthorimaea operculella Ist Leaf dip 370 1 59
P xylostella 1st Leaf dip 36 1 59
S. litura Ist Leaf dip 5 1 59
Vip3Aal0 A. ipsilon Neonate/1st Surface contamination 80.7 6 55
B. mori Neonate/1st Surface contamination NA 6 55
C. quinquefasciatus Neonate/1st In water NA 6 55
H. armigera Neonate/Ist Surface contamination 325.2 6 55
P. xylostella Neonate/1st Leaf dip 220.7 6 55
S. litura Neonate/1st Surface contamination 45.4 6 55
Vip3Aall H. armigera Ist Diet incorporation 25.7 ng/mg 7 42
Ostrinia furnacalis Ist Diet incorporation 720 pg/ml 7 42
P. xylostella Ist Leaf dip 4.2 mg/ml 4 42
S. exigua Ist Diet incorporation 1.3 ng/mg 7 42
Vip3Aal3 H. armigera Neonate Diet incorporation 160 ng/ml 2 56
S. exigua Neonate Diet incorporation 740 ng/ml 2 56
S. litura Neonate Diet incorporation 270 ng/ml 2 56
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TABLE 2 (Continued)

Vegetative Insecticidal Proteins

LCs
Protein Insect species Larval instar® Assay type (ng/cm?)* Scoring time (days) Reference(s)
Vip3Aal4 Earias vitella Neonate Leaf dip 794 3 49
H. armigera Neonate Leaf dip NA 3 49
Pieris brassicae Neonate Leaf dip NA 3 49
P. xylostella Neonate Leaf dip 120 3 49
S. litura Neonate Leaf dip 12 3 49
H. armigera Neonate Diet incorporation NA 3 78
P. xylostella Neonate Leaf dip NA 3 78
S. litura Neonate Leaf dip 0.1 3 78
Vip3Aal6 P. oleae 3rd Leaf dip NI 5 97
S. littoralis Ist Surface contamination 305 6 68
E. kuehniella 1st Diet incorporation 36 6 88
S. exigua Neonate Surface contamination 2,600 7 71
290 10 71
S. frugiperda Neonate Surface contamination 340 7 71
24 10 71
A. segetum 1st Surface contamination 86 6 69
Tuta absoluta 3rd Leaf dip 335 3 90
Ectomyelois ceratoniae Neonate Diet incorporation 40° 5 91
Vip3Aal9 H. armigera Ist Diet incorporation 24.1 ng/mg 7 42
O. furnacalis 1st Diet incorporation >100 7 42
pg/ml
P. xylostella Ist Leaf dip 59.8 pg/ml 4 42
S. exigua st Diet incorporation 1.4 ng/mg 7 42
H. virescens st Diet incorporation 1.35 pg/ml 7 124
P. xylostella Ist Leaf dip 2236 pg/ml 5 124
H. zea Neonate Surface contamination 500 7 109
Vip3Aa29 C. quinquefasciatus — In water NA 2 66
C. suppressalis — Diet incorporation 24.0 pg/ml 5 66
C. tepperi — In water NA 2 66
H. armigera — Diet incorporation 22.6 pg/ml? 5 66
S. exigua — Diet incorporation 36.6 ng/ml 5 66
Vip3Aa43 S. albula Neonate Surface contamination 3.9 7 74
S. cosmioides Neonate Surface contamination 2.8 7 74
S. eridania Neonate Surface contamination 34 7 74
S. frugiperda Neonate Surface contamination 24.7 7 74
Vip3Aa45 Chrysodeixis chalcites Neonate Surface contamination 1,044.6 7 73
L. botrana Neonate Diet incorporation 1.96 pg/ml 7 73
M. brassicae Neonate Surface contamination 39.7 7 73
S. exigua Neonate Surface contamination 119.7 7 73
S. littoralis Neonate Surface contamination 18.7 7 73
Vip3Aa50 Anticarsia gemmatalis Neonate Surface contamination 20.3 7 125
S. frugiperda Neonate Surface contamination 79.6 7 125
Vip3Aa58 S. exigua Neonate Surface contamination 160 10 47
Cydia pomonella Neonate Surface contamination 2,380 10 47
Dendrolimus pini 2nd Leaf dip 23,550 10 47
Vip3Aa59 S. exigua Neonate Surface contamination 190 10 47
C. pomonella Neonate Surface contamination 2,750 10 47
D. pini 2nd Leaf dip 16,260 10 47

@ Unless otherwise stated, LCss are given in nanograms per square centimeter and refer to the protoxin form of the proteins. NA, not active; NI, no information on the LCs,, is
available, although the protein was active.
b Although the LCy is given in nanograms per square centimeter, the bioassay was performed by using diet incorporation.

¢ —, not specified.

@ The 50% inhibitory concentration is shown instead of the LCs,.
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TABLE 3 Spectrum of activity and toxicity of Vip3A proteins other than those of the Vip3Aa subfamily

Protein Insect species Larval instar Assay type LCs, (ng/cm?)* Reference
Vip3Abl A. ipsilon Neonate Surface contamination 62 16
S. exigua Neonate Surface contamination 597 16
S. frugiperda Neonate Surface contamination 2,020 16
S. littoralis Neonate Surface contamination 163 16
Vip3Acl Anopheles gambiae -t — NA 77
B. mori Neonate Surface contamination 44.8 77
D. virgifera virgifera — — NA 77
H. zea Neonate Surface contamination 133.7 77
O. nubilalis Neonate Surface contamination NA 77
S. frugiperda Neonate Surface contamination 11.6 77
Vip3Ad2 A. ipsilon Neonate Surface contamination >4,000 72
S. frugiperda Neonate Surface contamination >4,000 72
Vip3Ael A. ipsilon Neonate Surface contamination 4 72
S. frugiperda Neonate Surface contamination 28 72
S. exigua Neonate Surface contamination 11.1 94
S. frugiperda Neonate Surface contamination 20 94
H. armigera Neonate Surface contamination 4,460 16
L. botrana Neonate Diet incorporation 0.2 pg/ml 16
M. brassicae Neonate Surface contamination 258 16
S. littoralis Neonate Surface contamination 8 16
Vip3Afl S. frugiperda Neonate Surface contamination 49.3 95
A. ipsilon Neonate Surface contamination 18 72
S. frugiperda Neonate Surface contamination 60 72
H. armigera Neonate Surface contamination 840 16
L. botrana Neonate Diet incorporation 0.8 pg/ml 16
M. brassicae Neonate Surface contamination 6 16
S. littoralis Neonate Surface contamination 43.2 16
Vip3Ag4 C. chalcites Neonate Surface contamination 45.5 73
L. botrana Neonate Diet incorporation 1.1 73
M. brassicae Neonate Surface contamination >2,500 73
S. exigua Neonate Surface contamination 265.2 73
S. littoralis Neonate Surface contamination 34.9 73

@ LCs,s refer to mortality at 7 days for the protoxin form of the proteins and are given in nanograms per square centimeter unless otherwise stated; NA, not active.

? _ information not available.

expression of the recombinant protein, which was concentrated in
inclusion bodies. Unfortunately, this protein showed lower insec-
ticidal activity against the insects tested than the original Vip3Aa
protein, probably due to low solubilization or improper folding of
the protein (80) (Table 5).

Another type of approach has been the introduction and ex-
pression of vip3A genes in B. thuringiensis strains expressing dif-
ferent cry genes, to create new strains to be used in insecticidal
formulations with a broader spectrum of action. Commercial for-
mulations of B. thuringiensis strains contain small amounts of Vip
proteins, since these proteins are secreted into the growth me-
dium, which is mostly discarded during the processing of the for-
mulation (81). This problem can be alleviated by directing the
expression of the vip3A gene to the sporulation stage by using
sporulation-dependent promoters and specific transcription se-
quences from different cry genes (82—85). The engineered strains
in all these cases showed improved production of Vip3A proteins
and higher toxicity to the insects tested. Cloning and expression of
the vip3Aa gene in Pseudomonas fluorescens have also been accom-
plished with the aim of producing spray insecticides based on the
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Vip3A protein, either combined with Cry proteins or not (86).
The heterologously expressed Vip3Aa protein, which was not se-
creted into the medium and remained “encapsulated” within the
bacterial cell, retained full toxicity.

Mode of Action

Study of the mode of action of the Vip3 proteins started soon after
their discovery in 1996 by Estruch et al. (15), who proposed that
Vip3 proteins would exert their toxicity via a process different
from that of the Cry proteins, based on the lack of structural ho-
mology of these two types of proteins. Despite being so different,
both types of toxins exert their toxic action through apparently the
same sequence of events: activation by midgut proteases, crossing
the peritrophic membrane, binding to specific proteins in the api-
cal membrane of the epithelial midgut cells, and pore formation
(87) (Fig. 9). So far, all reported studies on the mode of action of
Vip3 proteins have been carried out with those of the Vip3A fam-
ily, mostly those of the Vip3Aa subfamily. Ongoing studies on the
Vip3Ca protein indicate that this protein has a mode of action
similar to that of the Vip3A proteins (J. Gomis-Cebolla, I. Ruiz de
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TABLE 4 Spectrum of activity and toxicity of Vip3B and Vip3C protein families

Vegetative Insecticidal Proteins

Protein Insect species Larval instar® Assay type LCs, (ng/cm®)* Scoring time (days) Reference
Vip3Bal O. nubilalis Neonate Surface contamination NA 7 50
P. xylostella 2nd Leaf dip NA 7 50
Vip3Bb2 A. gossypii Nymph Diet incorporation NA 7 40
C. tepperi 4th Liquid solution NA 4 40
H. armigera Neonate Surface contamination NI 7 40
H. punctigera Neonate Surface contamination NI 7 40
Tribolium castaneum — Diet incorporation NA 10 40
Vip3Ca3 A. ipsilon Neonate Surface contamination >4,000 10 62
C. chalcites Neonate Surface contamination <400 10 62
H. armigera Neonate Surface contamination <4,000 10 62
L. botrana Neonate Diet incorporation >100 pg/ml 10 62
M. brassicae Neonate Surface contamination <4,000 10 62
O. nubilalis Neonate Surface contamination >4,000 10 62
S. exigua Neonate Surface contamination >4,000 10 62
S. frugiperda Neonate Surface contamination >4,000 10 62
S. littoralis Neonate Surface contamination <4,000 10 62
T. ni Neonate Surface contamination <4,000 10 62

@ Unless otherwise stated, LCss are given in nanograms per square centimeter and refer to the protoxin form of the proteins. NA, not active; NI, no information on the LCs,, is

available, although the protein was active.
b not specified.

Escudero, M. Chakroun, N. M. Vera-Velasco, P. Hernandez-Mar-
tinez, C. S. Herndndez-Rodriguez, Y. Bel, B. Escriche, P. Cabal-
lero, and J. Ferré, presented at the 48th Annual Meeting of the
Society for Invertebrate Pathology, Vancouver, BC, Canada, 8 to
13 August 2015).

Behavioral and histopathological effects. The behavioral
symptoms observed in susceptible insects after ingestion of the
Vip3Aa protein resemble the ones observed after Cry intoxication:
feeding cessation, loss of gut peristalsis, and overall paralysis of the
insect (65). Analysis of gut cross sections of susceptible insects
after ingestion of the Vip3Aa protein shows extensive damage in
the midgut, with disrupted, swollen, and/or lysed epithelial cells
and leakage of cellular material into the lumen (65, 68, 69, 88-91).

No damage was observed in either the foregut or the hindgut, nor
was damage observed in the midgut of nonsusceptible insects
(65).

Proteolytic processing. In vitro proteolysis of full-length
Vip3Aa proteins using insect midgut juice showed that they are
processed to several major proteolytic products, generally of ~62
to 66,45, 33, and 22 kDa (65, 68, 69, 88, 89). The 22-kDa fragment
corresponds to the N terminus of the protein (amino acids 1 to
198in Vip3Aal), the 66-kDa fragment corresponds to the remain-
der of the protein (from amino acid 199 to the end of Vip3Aal),
and the 45- and 33-kDa fragments are thought to be derived from
the 66-kDa portion (57).

The minimal toxic fragment of the Vip3Aa protein has also

TABLE 5 Genetically engineered Vip3A proteins and effects on insect toxicity

Protein Modification type(s) Description” Effect(s) of modification” Reference
Vip3AcAa Domain swapping Chimera of Vip3Ac N terminus (600 aa) and Gain of toxicity against O. 77
Vip3Aa C terminus (189 aa) nubilalis; IA against S.
frugiperda, H. zea, and B.
mori
Vip3AaAc Domain swapping Chimera of Vip3Aal N terminus (610 aa) DA against S. frugiperda and 77
and Vip3Ac C terminus (179 aa) H. zea; LA against B. mori
Vip3Aal4 Protein fusion Chimera of Vip3Aal4 and CrylAc As effective as CrylAc 78
against H. armigera and P.
xylostella but DA
compared to Vip3Aa
against S. litura
Vip3Aa7 Gene promoter change Chimera of CrylC promoter with truncated Higher yield of Vip3Aa7, Vip 80
and protein fusion Vip3Aa7 (39 aa deleted at N terminus) relocation in Bt inclusion
and Cry1C C-terminal region bodies but DA against P.
xylostella, H. armigera, and
S. exigua
Vip3Aa7 Protein fusion Chimera of Vip3Aa7 and Cry9Ca N IA against P. xylostella 79

terminus

“ DA, decrease of activity; IA, increase of activity; LA, loss of activity.
b aa, amino acids.
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FIG 9 Proposed mode of action of the Vip3 proteins. The full-length protoxin
is proteolytically processed by midgut proteases. The 65-kDa fragment binds
to specific receptors (with the 22-kDa fragment still bound or not). Pores are
then formed, which leads to the death of the cell.

been studied. Although an early study claimed that the minimal
fragment that retained insecticidal activity after proteolysis was
the 33-kDa fragment (57), all subsequent studies are in favor of
the 62- to 66-kDa fragment being the Vip3Aa toxic core (58, 60,
68, 69, 71, 72, 87-89, 92-94). Interestingly, the 20-kDa fragment
produced upon proteolytic processing of the Vip3Aal6 protoxin
copurifies with the 62-kDa fragment, suggesting that after activa-
tion of the full-length protein, the two fragments remain together
(89).

Compared to Cry proteins, the 62- to 66-kDa toxic core of the
Vip3A proteins is more susceptible to the action of proteases. In-
cubation of either Vip3Aa or Vip3Ae with commercial serine pro-
teases or insect midgut juice showed the unstable nature of the
62-kDa fragment, which started to break down even before all the
protoxin was processed (65, 69, 88, 89, 94). Partial purification of
peptidases from S. frugiperda midgut juice showed that cationic
trypsin-like and anionic chymotrypsin-like peptidases are in-

volved in the formation of the Vip3A 62-kDa fragment, whereas
cationic chymotrypsin-like peptidases participated in its further
processing (94).

In general, proteolytic activation does not seem to be a critical
step in determining Vip3A insect toxicity and specificity. It has
been shown that the midgut juice of a nonsusceptible insect (O.
nubilalis) could process Vip3A in vitro into a 65-kDa fragment
that was fully toxic when fed to susceptible insects (65). However,
in some cases, the rate of processing of the full-length protein was
proposed to account for differences in the toxicity of a given
Vip3A protein to different insect species (71, 88, 94). Indeed, some
studies have shown that differences in mortality disappeared
when the trypsin-activated protein was used instead of the full-
length protein (71, 72).

Binding to the larval midgut epithelium. In vivo immunolo-
calization studies have shown that Vip3A binds to the apical mi-
crovilli of midgut epithelial cells (65, 89) (Fig. 10). Specific bind-
ing to brush border membrane vesicles (BBMVs) prepared from
susceptible insects was first shown by using biotin-labeled Vip3Aa
and Vip3Af (68, 69, 74, 87, 92, 93, 95). Interestingly, Vip3Aa also
binds specifically to BBMVs of the nonsusceptible insect O. nubi-
lalis (87), which indicates that specific binding is not sufficient to
produce toxicity.

Quantitative binding parameters were obtained by using
labeled Vip3Aa and S. frugiperda BBMVs. This binding was found
to be saturable, mostly irreversible, and differentially affected by
the presence of divalent cations (89). Vip3A proteins were also
found to have lower affinities but higher numbers of binding sites
than the CrylA and Cry2A proteins. Interestingly, homologous
competition showed that both the 62-kDa and the 20-kDa frag-
ments of trypsin-activated '**I-labeled Vip3Aa bound to BBMVs,
and both fragments were displaced by the addition of nonlabeled
Vip3Aa. In contrast, using biotin-labeled Vip3Aa, Liu et al. (93)
found that only the 62-kDa fragment was able to bind to H. ar-
migera BBMVs and also that the 20-kDa fragment was found ex-
clusively in the supernatant of the binding reaction mixture.

Competition binding assays showed the absence of shared
binding sites between Vip3A and Cry proteins. This has been
shown for Vip3Aa with CrylAc, CrylAb, CrylFa, Cry2Ae, and

125[_

FIG 10 Immunolocalization of Vip3Aa in midgut tissue sections after ingestion by S. frugiperda larvae. (Left) Control larvae. (Right) Larvae that ingested
Vip3Aa. Nuclei were stained blue, and the apical and basal membranes were stained red. Binding of Vip3Aa to the apical membrane is shown in green. BM, basal

membrane; AM, apical membrane; L, gut lumen. (Reprinted from reference 89.)
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FIG 11 General binding site model for the Cry and Vip proteins in the midgut
epithelial membrane of lepidopteran larvae. CrylFa and CrylA proteins, in
addition to the shared binding site, may have other sites depending on the
insect species considered. Recognition of Vip3Aa sites by Crylla has been
found only in S. eridania (of four Spodoptera species tested).

Cry2Ab in all insect species tested and for Vip3Af with CrylAb
and CrylF in S. frugiperda (69, 89, 92, 93, 95, 96). However, Ber-
gamasco et al. (74) reported partial competition of CrylIa for the
Vip3Aa-binding sites in S. eridania BBMVs but not in S. fru-
giperda, S. albula, and S. cosmioides BBMVs. Competition among
proteins of the Vip3A family has been tested only with S. fru-
giperda (89). Vip3Ae, Vip3Af, and even the nonactive Vip3Ad
protein competed for the Vip3Aa-binding sites, with no signifi-
cant differences in their binding parameters. A general model of
the binding sites of Vip3A proteins in relation to Cry proteins is
shown in Fig. 11.

The interaction of Vip3Aa with BBMVs of susceptible insects
involves specific binding molecules different from the ones recog-
nized by CrylA proteins. Ligand blot analyses revealed that
Vip3Aa recognized 80- and 110-kDa proteins in Manduca sexta
(Lepidoptera: Sphingidae), while CrylAb bound to proteins of
120 and 210 kDa (87). That same study showed that Vip3Aa was
unable to bind to purified aminopeptidase N (APN) and the cad-
herin ectodomain toxin-binding region (TBR) from M. sexta,
both membrane proteins known to bind Cry proteins (87). In
Prays oleae (Lepidoptera: Yponomeutidae) and Agrotis segetum
(Lepidoptera: Noctuidae), Vip3Aa bound to a 65-kDa protein,
while CrylAc bound to a 210-kDa band in P. oleae and to a 120-
kDa band in A. segetum (69, 97). In S. littoralis, Vip3Aa bound
proteins of 55 and 100 kDa (68), and in Ephestia kuehniella (Lep-
idoptera: Pyralidae), S. frugiperda, S. albula, S. cosmioides, and S.
eridania, Vip3Aa bound to a protein of 65 kDa (74, 88), to which
Crylla also bound in the four Spodoptera species (74).

Very few studies have addressed the identity of the Vip3A-
binding molecules in the insect midgut. Two Vip3Aa-binding
molecules have been identified so far by using the yeast two-hy-
brid system. The first one was a 48-kDa protein from A. ipsilon
with homology to a family of extracellular glycoproteins called
tenascins, which could be associated with apoptotic processes
(57). The second binding molecule was the S2 ribosomal protein
from S. litura, identified as a Vip3A receptor in Sf21 cells (98).
Silencing of the S2 gene reduced the toxicity of Vip3A to both Sf21
cells and fifth-instar S. litura larvae. Both S2 and Vip3Aa colocal-
ized on the surface and in the cytoplasm of Sf21 cells, suggesting
that the interaction takes place on the cell surface and, once pores
are produced, that the Vip3-S2 complex internalizes (98). How
this S2-Vip3A protein interaction could trigger the lysis of cells
was not explained and remains unknown. In H. armigera, the
molecules that bind to Vip3Aa were found to be slightly associated
with lipid rafts (93).
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In an attempt to understand how midgut cells respond to in-
toxication by Vip3 proteins, gene expression profiles of S. exigua
larvae treated with a sublethal dose of Vip3Aa were obtained by
using a genome-wide microarray that included >29,000 unigenes
(unique assembled sequences obtained from a transcriptome)
(99). No alteration in the expression levels of the two Vip3A-
binding proteins described above (S2 and the tenascin of the X-tox
type) was found, nor were there alterations in the transcription
levels of genes related to the mode of action of the Cry proteins. It
was concluded that the lack of significant changes in the transcrip-
tion levels of the above-mentioned genes was most likely either
due to the fact that they were not involved in the Vip3 mode of
action or because the mechanisms of defense against Vip3A toxins
do not rely on the regulation of the members involved in the mode
of action.

Pore formation. Despite the absence of any predicted pore-
forming structure in the Vip3 proteins, the pore formation activ-
ity of the Vip3Aa protein activated with trypsin or midgut juice
has been demonstrated by voltage clamping assays with dissected
midguts of M. sexta (Lepidoptera: Sphingidae) and also in planar
lipid bilayers (87). In contrast, the full-length Vip3Aa protein was
unable to form pores. The ion channels were able to destroy the
transmembrane potential, and they were voltage independent and
cation selective (87). The pore-forming ability of activated Vip3Aa
was also demonstrated by fluorescence quenching using H. armig-
era BBMVs (93). The formation of Vip3Aa ion channels was re-
stricted to susceptible insects, and they have been found to have
biophysical properties that differ from those of CrylAb in M. sexta
(87).

Resistance and Cross-Resistance

Very few cases of resistance to Vip3 proteins have been reported.
Laboratory selection of a H. virescens colony led to 2,040-fold re-
sistance to Vip3Aa compared to the unselected population (100).
Resistance was found to be polygenic, with possible paternal in-
fluence, and ranged from almost completely recessive to incom-
pletely dominant; fitness costs were temperature dependent, with
reduced mating success, fecundity, and fertility (101). After 12
generations of selection with Vip3A, a freshly established labora-
tory colony of S. litura reached a resistance level of 285-fold com-
pared to a susceptible colony (102). The resistant insects were
found to lack two casein-degrading bands in nondenaturing elec-
trophoretic gels and to have reduced proteolytic activity (~2-
fold) toward several protease substrates.

The presence of Vip3Aa resistance alleles in field populations of
H. armigera and Helicoverpa punctigera (Lepidoptera: Noctuidae)
was studied in Australia by using the F, screening method (103).
The results showed that resistance alleles in both insect species
existed as natural polymorphisms at a relatively high frequency
(0.027 and 0.008, respectively), above mutation rates normally
encountered (103). Interestingly, within each species, the resis-
tance of two different F, families was due to alleles at the same
locus, and resistance was found to be essentially recessive, most
probably conferred by a single gene, and did not result in cross-
resistance to CrylAc or Cry2Ab (103). The frequency of resistant
alleles in H. armigera did not increase over the following four
seasons (until 2014/2015), and resistant insects were found to ac-
tivate the Vip3Aa protoxin more slowly than susceptible insects,
although no significant differences in binding to membrane re-
ceptors were found (M. Chakroun, N. Banyuls, T. Walsh, S.
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Downes, B. James, and J. Ferré, submitted for publication). Fur-
ther studies on the resistant H. punctigera strain confirmed that
there was no linkage between the Vip3A and the Cry2Ab resistance
loci (104). A study on the presence of Vip3Aa resistance alleles in
field populations of S. frugiperda from different states of Brazil,
using the F, method, estimated an overall frequency of 0.0009,
which is relatively low (105).

The increased use of Vip3 toxins in pyramided B. thuringiensis-
treated crops (Bt crops) to improve both pest control and resis-
tance management sparked interest in the evaluation of cross-
resistance between Cry and Vip3A proteins (106). So far, no
significant cross-resistance between these two classes of proteins
has been described. Vip3Aa was found to be equally toxic to one
susceptible and three Cry-resistant H. virescens strains (YHD2,
resistant to CrylAc and CrylF and slightly cross-resistant to
Cry2A, and CXC and KCBhyb, both resistant to CrylAc, CrylAa,
CrylAb, CrylF, and Cry2Aa2) (107). Two studies on CrylAc-
resistant strains of H. zea showed no significant cross-resistance to
Vip3A or Cry2Ab (108, 109). A study on two H. armigera popu-
lations from CrylAc-cotton planting regions in China showed a
lack of significant correlation between the responses to Vip3Aa
and those to CrylAc, suggesting little or no cross-resistance be-
tween these two toxins (110). Cross-resistance to Vip3A has also
been studied in two S. frugiperda Cry1F-resistant populations, one
collected from Bt maize fields in Puerto Rico and the other col-
lected from the southeast United States. Both populations were
very susceptible to Vip3Aa, indicating the absence of cross-resis-
tance between the Vip3Aa and Cry1F proteins (111, 112). A study
using a different Vip3A protein, Vip3Ac, showed that it was
equally toxic to susceptible and CrylAc-resistant Trichoplusia ni
(Lepidoptera: Noctuidae) strains (77). However, in this case, the
resistant strain was slightly less susceptible to Vip3Aa (resistance
ratio of 2.1) and to two Vip3A chimeric proteins (resistance ratios
of 1.8 and 3.2) (77).

Expression in Plants

The vip3Aa gene has been successfully introduced into cotton and
corn and was later combined with other cry genes to confer higher-
level protection and delay insect resistance (http://www.epa.gov
/ingredients-used-pesticide-products/current-previously-registered
-section-3-plant-incorporated). VipCot and Agrisure Viptera were
registered in the United States in 2008 and 2009, respectively (Syn-
genta Seeds, Inc.). The former is the result of the transformation event
COT102 in cotton, which produces the Vip3Aal9 protein [see http:
/lwww.isaaa.org/gmapprovaldatabase/gene/default.asp?Gene
ID=24&Gene=vip3A(a) and http://en.biosafetyscanner
.org/schedaevento.php?evento=208], whereas the latter is the re-
sult of event MIR162 in corn, which produces the Vip3Aa20
protein (http://iaspub.epa.gov/apex/pesticides/f?p
=CHEMICALSEARCH:30#p). Both events were pyramided with
crylAb (VipCot Vip3Aa plus mCrylAb and Agrisure Viptera
Vip3Aa plus CrylAb) and later with crylFa (VipCot Vip3Aa plus
CrylAc plus CrylFa and Agrisure Viptera Vip3Aa plus CrylAb
plus Cry1Fa) to confer wider and more robust protection against
Lepidoptera (113-115). Furthermore, corn event MIR162 has
been stacked with other cry genes expressing proteins that are
active against Coleoptera (Cry3A and eCry3.1Ab) to confer pro-
tection against these two insect orders (116). A 3-year study on the
field performance of VipCot expressing just the Vip3Aa protein
indicated that the plants were highly efficacious against H. armig-
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era early in the season but that efficacy declined as the season
progressed although not so drastically as CrylAc in Bollgard or
Ingard cotton (117). In 2015, the first modified Vip3A protein,
with improved toxicity, was introduced into tobacco, conferring
almost total protection against H. armigera, A. ipsilon, and S. lit-
toralis (118).

Cotton has also been transformed with a synthetic vip3A gene
fused to a chloroplast transit peptide coding sequence (119). The
Vip3A protein accumulated in chloroplasts, and its concentration
in plants was higher than that in plants transformed with just the
synthetic gene. Transformed plants provoked 100% mortality in
larvae of S. frugiperda, S. exigua, and H. zea.
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